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Abstract 
 
Artificial photosynthesis (AP) is the process of mimicking natural 
photosynthesis for effective conversion of light energy into a more 
accessible form of energy. By studying the natural phenomenon as it 
occurs in plants and bacteria, the scientific community started 
designing different multichromophoric arrays for use in energy 
production. These APs consist of three main components; a 
photoantenna, the reaction centre and an energy storage system. The 
antenna unit plays a key role in the absorption of light, the excitation 
of electrons and transfer of electrons from donor to acceptor for long 
lived charge separation. Most APs are based on porphyrin arrays with 
other multichromophores, such as naphthalene diimides (NDI), 
bodipy, triarylamines, and perylenediimides. On the basis of a 
literature search of AP, we have studied the excited-state dynamics of 
two multichromophoric arrays composed of a NDI centre, attached to 
which are four zinc or free-base porphyrins connected to the core via 
aniline bridges. These pentads have been investigated by using a 
combination of stationary and ultrafast spectroscopies to gain an 
understanding of their photophysical properties. Spectroscopic results 
confirm that these pentads can act as efficient photoantennae, 
absorbing over the complete visible region. They absorb at a 
wavelength of around 700 nm, which indicates an excited state 
transition to the S1 state that is delocalised over the whole pentad. 
Furthermore higher energy absorption bands are shown by transitions 
centred on the porphyrins of the multichromophoric arrays. The 
synthesised pentads were studied in polar and non-polar solvents. 
These multichromophoric arrays show a charge-separated state under 
the S1 state in polar solvents. Thermally-activated hole transfer from 
the S1 state results in populated excited states within a few 
picoseconds (ps), and the vibrationally hot porphyrin excited states 
exhibit sub-ps non-equilibrium electron transfer. The charge 
recombination process, which occurs within a few ps, is almost 
barrier-less due to a very small energy gap between the charge-
separated and ground states of the multichromophoric arrays.   
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In non-polar solvents, excited states of these pentads become 
populated and are followed by sub-picosecond internal conversion to 
the S1 state. The charge-separated state above the S1 state remains 
favourable, enhancing this process of long lived charge separation. 
Non-radiative deactivation dominates the decay of the S1 state on the 
100 ps timescale. This is likely attributable to the high density of 
vibrational states in these large chromophores and the small S1-S0 
energy gap. Despite the excited dynamics having various driving 
forces, charge separation and recombination processes occur on very 
similar timescales. These observations can be explained by electronic 
coupling, which differs significantly for the processes of charge 
separation and recombination.  
 
Further contribution to AP is made by the design of simple donor-
acceptor (D-A) dyads. These synthesised dyads demonstrate good 
results by being able to produce a charge gradient across a membrane, 
which clearly indicate that they can act as efficient AP antennae. In 
the dyad MKSB4.1, the process of conversion of light energy into a 
proton potential is achieved by transporting electrons across a lipid 
bilayer. This active dyad is composed of a zinc-porphyrin as a donor 
and a napthalene diimide (NDI) as an acceptor, which are linked by a 
dithiophene spacer for effective electron transfer. These dyads were 
inserted into lipid bilayers and the excited state dynamics studied. 
Initially, excitation of the zinc-porphyrin after incorporation into a 
lipid bilayer results in charge separation to produce an oxidation 
potential near the outer surface and a reduction potential near the 
inner surface of the lipid bilayer. This process of creating potentials 
leads to transmembrane electron transfer where the quinone group 
inside the vesicle accepts protons from the 8-hydroxypyrene-1,3,6-
trisulfonic acid (HPTS) dye and gets converted into hydroquinone. 
When quinone is reduced, a pH gradient is created across the lipid 
bilayer. This dyad shows charge separated states and results in the 
formation of stable radicals which were confirmed by photophysical 
electrochemical measurements. 
 
Dye-sensitised solar cells (DSSCs) are a growing research area due to 
their potential to meet our need for a clean source of energy, in this 
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case solar. DSSCs are designed to meet energy and environmental 
requirements through effective conversion of sunlight into electricity. 
Grätzel and co-workers have designed functional ruthenium(II)–
polypyridyl complexes, successful dyes that fulfill the requirements of 
good DSSCs. However as ruthenium metal is quite expensive and a 
finite resource so subsequent research has turned towards the design 
and development of organic sensitisers. Metal-free organic donor-
acceptor dyes have achieved power conversion efficiencies greater 
than 10% and the performance gap between organic and ruthenium-
based sensitisers is narrowing. One significant strategy to improve 
DSSC performance is the design of “donor-spacer-acceptor” (D-π-A) 
modular organic dyes.  
 
Desirable dye characteristics include tunable optoelectronic and 
electrochemical properties, simple molecular design, high molar 
extinction coefficients, environmentally friendly, high power 
conversion efficiency (PCE), low cost, and simple synthetic methods. 
 
To contribute to the development of DSSCs, I designed and studied a 
donor-acceptor model in which there is a direct linkage of 
oligothiophenes to the nitrogen atom of a donor amine. AG3 consists 
of diphenylamine as an electron donor and cyanoacrylic acid as an 
electron acceptor, linked through an extended oligothiophene π-spacer 
unit. AG3 is highly soluble in common organic solvents and showed 
an intense spectral response, compared to a fewer-thiophene 
analogue. When tested in a conventional solvent-based solar cell (100 
mW.cm-2, AM1.5G), AG3 afforded a power conversion efficiency 
(PCE) of 5.9%. AG3 also achieved a PCE of 4.3% in ionic liquid and 
5.2% in cobalt-mediated electrolytes.   
 
I also designed and synthesised two organic sensitisers, 2-cyano-3-(6-
(4-(diphenylamino)phenyl)-4-(2-ethylhexyl)-4H-dithieno[3,2-b:2',3'-
d]pyrrol-2-yl)acrylic acid and 2-cyano-3-(6-(4-(diphenylamino) 
phenyl)-4-(4-(hexyloxy)-phenyl)-4H-dithieno[3,2-b:2',3'-d]pyrrol-2-
yl)acrylic acid, for use in DSSCs. In these sensitisers, triphenylamine 
is an electron donor and cyanoacrylic acid is an electron acceptor, 
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both of which are connected by two different rigid π-spacers, N-alkyl- 
and N-aryl-dithieno[3,2-b:2',3'-d]pyrrole. 
 
Knoevenagel condensation reactions were used to synthesise these 
organic sensitisers. Results of ultraviolet-visible absorption spectra 
show that a similar charge transfer transitions occurred when either 
rigidified π-spacer was used. When these organic sensitisers were 
compared with an oligothiophene analogue, they showed enhanced 
spectral characteristics. They also show superior photovoltaic 
performance over the reference dithiophene sensitiser when tested 
with nitrile-based and ionic liquid-based electrolytes.  
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1.1 Photosynthesis in nature 
 
Photosynthesis is the process in which light is used to convert carbon 
dioxide and water into stored chemical energy and oxygen. It is the 
process by which most plants, algae and cyanobacteria obtain energy 
from the Sun. It is the basis for all food chains and ecosystems, and 
necessary for life on Earth. Additionally, the production of oxygen by 
photoautotrophs is partially responsible for Earth’s current life 
supporting atmosphere. 
 
In a natural photosynthetic reaction centre, light energy is converted 
into chemical energy by a series of electron-transfer steps across a 
lipid-bilayer membrane (See Figure 1.1, 1.2).
2
 Sunlight is absorbed 
by light-harvesting antenna fragments such as porphyrins, 
chlorophylls and carotenoids, and subsequently transferred between 
chromophores through an energy cascade, ultimately reaching a 
reaction centre.
3
  
Figure 1.1: Part of the photosynthetic pathway in the cell 
membrane.
1
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Photosynthetic pigments, such as 
PSII (See Figure 2) collect light 
and transfer energy to the reaction 
centre via singlet-singlet energy 
transfer.
5
 The trans-membrane 
electron transfer occurs within the 
embedded proteins in the reaction 
centre, in order to avoid charge 
recombination.
6
 In photosynthesis, 
chlorophyll is credited with being 
the primary photoreceptor, working 
in conjunction with other pigments 
(auxiliary chlorophylls, 
carotenoids, phycobilins and 
xanthrophylls) to transfer an 
electron along the photoreaction 
centre and to ultimately convert 
light into an available form of 
energy.  Chlorophyll a (Figure 1.3) is of particular importance and is 
Figure 1.2: Photosystem II
4
 (PSII) 
Figure 1.3: Chlorophyll a 
4 
 
present in all photosynthetic organisms which generate molecular 
oxygen.
7
 
 
Typically, nature use diverse structures and bonding, primarily self-
assembly and self-organisation, to produce thermodynamically-stable 
structures at both the cellular and sub-cellular levels. One typical 
example is photosynthetic reaction centre (PRC), where a series of 
redox and photo active units are brought together within precise 
distances and orientations, to facilitate the transduction of solar 
energy, and convert light to chemical energy (Figure 1.4). The PRC 
has a number of attractive design features, which include (i) 
photoactivity, (ii) the use of non-covalent bonding to orientate 
photoactive molecules, and (iii) charge–separation. These core 
properties of PRC play an important role in molecular device and 
catalyst development.  
 
 
 
Figure 1.4: Photosynthetic reaction centre of purple bacteria 
 
Such ‘machinery of life’ was developed biologically through a long-
term evolutionary process. A wish to understand these processes has 
motivated chemists to design similar systems within a lipid-bilayer 
5 
 
membrane, to produce a practical model of the working molecular 
apparatus i.e. an artificial photosynthesis (AP) model.
8-16 
 
Sunlight could provide a clean, abundant source of energy to meet 
future demand in a sustainable way, but in order to close the gap 
between the current use of solar energy and its enormous potential, a 
major effort in basic research on smart materials and molecular 
machines is required.
17
 
 
Some of the most challenging aspects of this is the design of efficient, 
viable, and environmentally-sustainable AP systems that resemble the 
constructs within nature.
17-22
 
If large arrays of light harvesters could be produced economically, so 
as to offset the comparative initial loss of efficiency in light 
collection, organic solar cells could be of critical importance to the 
long-term and sustainable energy future for Australia. To mimic the 
natural system, one main challenge remaining is the assembly of these 
components in a spatially-organised manner in order to convert light 
energy into chemical energy.
23
 
 
There are three strategies that have been employed: 
 
The first uses artificial systems, in particular dyes, which are similar 
to the natural system (i.e. tubules with diameters of about 1 nm and 
macroscopic lengths, or molecular monolayers of macroscopic areas 
with a thickness and interlayer distance of about 2 nm),
24
to order 
molecules.  
 
The second approach is to use lipid membrane scaffolds directly for 
incorporating and organising the necessary components, and to create 
a photoinduced light energy-to-proton potential across the lipid 
membrane.  
 
The third is based on the construction of donor-acceptor systems in 
which components are linked covalently through chemical bonds.
25-32 
 
This is the approach used in this work. 
6 
 
Because of the fundamental importance of the topic, AP in vesicle 
bilayers has been studied for decades. Although acceptor and donor 
cascades for light powered partial (H2 production),
33-37
 or full
26
 water 
splitting in vesicle bilayers have been proposed this “holy grail of AP 
still remains elusive.  
 
The development of AP systems requires a fundamental 
understanding of performance of natural processes of photon 
absorption, charge separation, transport and storage. 
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1.2 Previous Work on AP 
 
The idea behind AP is to create a biomimetic system which can utilise 
the energy of the Sun in a similar fashion to photosynthetic 
organisms. In addition to converting light into more accessible forms 
of energy, a secondary goal is the storage of this captured energy for 
use at a later time.  
One of the advantages of synthesising photosynthetic antennae is the 
range of components we can incorporate, which are not limited to 
what is producible by a cell’s mechanics.
7
 Also, unlike natural 
photosynthetic centres, artificial reaction centres can use covalent 
bonds rather than protein scaffolds to maintain the physical 
arrangement and electronic coupling of components.
38 
This again 
simplifies the antenna and reaction centre, and reduces production 
time, cost, and resources needed for construction. 
 
So far, most of the research on AP has focused on mimicking various 
aspects of natural systems, as described by Mauzerall et al
12
 for 
example. As such, a reasonable understanding of the various 
components necessary for construction of an artificial photosynthetic 
reaction centre has been achieved.
5,12-14,1,2,3
 
 
In biological systems, charge separation is achieved by a series of 
chromophores, which also prevents back reactions. In biomimetic 
systems, this series of chromophores are replaced by a series of 
electron donor and acceptors, which are used to generate a charge 
separation and ideally transfer the charge before recombination 
occurs.
16
 Chlorophylls are involved in both light collection and charge 
separation in the reaction centre
39
 of natural photosynthesis systems. 
The main structure within chlorophylls is the porphyrin ring; hence 
porphyrins have been studied extensively in AP.  
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Some examples of charge separation generated in AP systems: 
 
 Steinberg-Yfrach, et al. report the use of a molecular triad 
(composed of a porphyrin, carotenoid and naphthoquinone), 
spanning the width of the membrane it is in, producing a 
photoinduced proton gradient by transmembrane proton 
transfer.
15
(Figure 1.5a)  
 
 Palacios, et al. have reported the use of a triad containing a 
carotenoid, a dimesitylporphyrin and a bis(heptaflouropropyl)-
porphyrin in transmembrane electron transfer and charge 
separation.
40
(Figure 1.5b) 
 
 Kuciauskas et al. synthesised and characterised a (PZP)3-PZC-
PC60 hexad, which mimics the basic function of antenna systems 
and reaction centre complexes in photosynthesis.
26
(Figure 1.5c) 
 
 Imahori and Fukazumi generated AP systems, composed of 
porphyrins and fullerenes, using self-assembly processes. 
However only low PCEs were achieved (~1%).
41
(Figure 1.5d) 
 
 Kodis and colleagues report the synthesis and study of a 
photosynthetic, porphyrin-fullerene hexad, antenna-reaction 
centre complex.
42
(Figure 1.5e) 
 
 Bhosale, et al., have previously generated a proton gradient 
across a lipid bilayer using p-octiphenyl rods and naphthalene 
diimides arranged in the membrane as helical tetrameric π-
stacks.
16
(Figure 1.5f) 
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Figure 1.5: AP antennae 
 
 
Early artificial photosynthetic antennae used porphyrin-quinone dyes, 
but they were limited by quick charge recombination.
43,44 
Quinones 
are limited by low quantum yield, synthetic complexity and 
instability. Porphyrins are considered a suitable replacement for the 
use of quinones as primary electron acceptors.
40
 Also, in the low-
dielectric environment of the bilipid membrane, porphyrins are 
advantageous to quinones in that they are expected to have a lower 
reorganisation energy for electron transfer, which may favour the 
formation of charge separated states.
40
 
 
Most AP systems are implanted in a lipid bilayer, which is to mimic 
the cellular membranes that are involved in natural photo-synthesis 
(Figure 1.6).
45
 Bilayer membranes are composed of lipid molecules 
a. 
10 
 
aligning their hydrophilic heads with the aqueous media on either side 
of the membrane, causing the hydrophobic tails to face each other 
between two layers of 
hydrophobic heads.  These 
membranes can form bilayer 
vesicles, in which there is water 
inside the vesicle and surrounding 
it. This gives a polar/nonpolar/ 
polar layout to the membrane.  It is 
also possible to have a 
nonpolar/polar/nonpolar layout of 
a bilipid membrane, as reported by 
Homma, et al.
46
 AP systems need 
to have suitable solubility to 
become incorporated into the 
membranes.  For example, Nawalany, et al. found that, with 
poly(ethylenegylcol) chains attached to a tetraarylporphyrin, the 
degree of liposomal binding was dependent upon the molecular 
weight of the attached polymer.
48
 
 
Often AP systems are tested by their ability to generate a proton 
gradient across the membrane. This is done by observing changes in 
HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid) inside the vesicle. 
HPTS is a water soluble, membrane impermeable, fluorescent pH 
indicator (pKa 7.2) which has been used previously in monitoring 
changes in aqueous systems.
49,50
  
 
The proton gradient created by the light induced charge separation 
creates a proton motive force (PMF). PMF results from an imbalance 
of electrochemical potential across a membrane. In organisms, PMF is 
generated by redox reactions mainly involving photosynthetic or 
spontaneous cellular reactions, which are coupled to proton 
translocation.
51
 
The PMF can then go on to power other processes, such as the 
generation of ATP or splitting water. This brings us closer to the end 
goal of a complete AP system. 
 
Figure 1.6: Example of a 
bilipid membrane in AP
47
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Some examples of previous work in which the PMF is utilised: 
 
 Gust, Moore and Moore report an artificial photosynthetic 
system capable of using light energy to produce hydrogen and 
oxygen gas from water, using porphyrin - containing dyes. This 
is an important step in the realisation of full AP and fuel 
production, but the system requires an external electrical 
potential and has a low efficiency.
52
  
 
 Gust, Moore and Moore report the synthesis and application of a 
porphyrin-containing antenna used in the solar powered 
generation of a proton gradient and subsequent ATP production 
across a lipid bilayer.
53
 
 
 Moore, Moore and Gust studied the performance of artificial 
antennae in liposomal membranes and demonstrated the 
resulting light driven production of ATP, when used in 
conjugation with CF0F1-ATP synthase.
38
  
 
 Steinberg-Yfrach, et al. used a photoinduced PMF to power 
ATP generation with F0F1-ATP-synthase inserted into a bilipid 
membrane, outside of a biological setting, conserving ~4% of 
the light energy absorbed.
51
 
 
 Swierk and colleagues were able to split water using a porphyrin 
dye sensitised photoelectrochemical cell.
54
  
 
 Moore, et al. report a porphyrin-containing system which is 
used for photoinduced biomass reformation reactions.
55
  
 
 Bennett, et al., used porphyrins in an artificial photosynthetic 
system in which a calcium ion gradient is generated across a 
membrane via active transport.
33
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It is also possible that these membranes can then interact with 
biological membranes. Ramos, et al. have reported that metastable 
intact large unilamellar lipid vesicles can be fused with 
electropermeablised mammalian cells.
56
 When negatively charged 
lipids are present, prepulse contact can be achieved by using calcium 
dication.
56
 
 
 
To preserve the structural integrity of a eukaryotic cell and 
compartmental identity, membrane fusion must be well-controlled.
56
 
The physical mechanism by which a vesicle and plasma membrane 
fuse is not yet fully understood. However, calculations suggest that 
the electrostatic field experienced by two membranes approaching 
one another reached a level at which they would experience electronic 
breakdown of the biological membranes.
56,57
 Rosenberg also proposed 
that fusion in exocytosis may be triggered by the electrostatic field 
from the surface charge present on interacting membranes.
58
 
  
 
However, AP systems don’t have to involve membranes; they are not 
limited by biology in that respect. Some examples of such systems: 
 
 Kay and Grätzel used natural porphyrins on colloidal TiO2 
electrodes to generate photoinduced charge separation, the 
efficiencies of which were comparable to natural 
photosynthesis. They found that conjugation between the 
chromophore and anchoring carboxyl group is not required for 
efficient electron transfer.
59
  
 
 Imahori et al. produced three different mixed self-assembled 
monolayers for energy and electron transfer to a gold surface in 
a study mimicking photosynthesis. A quantum yield of 50±8% 
and an incident photon-to-current efficiency of 1.6% were 
achieved.
60
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 Imahori et al. produced self-assembling monolayers of 
ferrocene-porphyrin-C60 triads on gold electrodes which, when 
irradiated, gave high quantum efficiencies of 20-25%.
61
 
 
 Ferrer et al. designed and characterised a ruthenium containing 
supramolecular system capable of mimicking the function of a 
macroscopic electrical extension cable, with a light powered 
electron source.
62
 
 
 
 
Any artificial photosynthetic system operating in aerobic conditions 
would require some form of protection as the reactive singlet oxygen 
species may be produced and would need to be removed before it 
reacted with antenna species. The formation of triplet states must be 
avoided in artificial systems as this state can transfer energy to 
molecular oxygen and result in the production of highly destructive, 
singlet molecular oxygen.
43,63
 Some suggested methods of protection 
proposed by Benniston, et al. include reservoir effects, excision and 
replacement, redundancy
64
 and on-site repair.
43
 
 
 
In natural photosynthesis, carotenoids provide photovoltaic protection 
by quenching triplet chlorophyll (via triplet-triplet energy transfer), 
which would otherwise generate highly reactive singlet oxygen.
5
 The 
triplet carotenoid species which is subsequently generated from the 
triplet chlorophyll then returns to the ground state through the release 
of heat.
38
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Advantages
38
 of the use of carotenoids in natural photosynthesis: 
 
 They have a 450-500 nm absorption band, where solar flux is 
high, resulting in efficient light harvesting. 
 
 S1 energy level is highly forbidden. 
 
 The lowest excited triplet state is below the energy of singlet 
oxygen. 
 
 If singlet oxygen is not quenched, it can react with the D1 
protein of PSII
63
 and trigger the plant’s defensive response to 
photo-oxidative stress.  
 
 
 
 
When using the total solar irradiation, natural photosynthesis has an 
overall efficiency of 3-6%.
65
 It takes eight to >10 photons to give one 
molecule of carbon dioxide. Other limitations to higher efficiencies 
are the reflection off of photosynthetic surfaces, respiration energy 
requirements, the window of wavelengths that can be utilised, and 
photons not hitting the photoactive pigments. This is an opportunity to 
improve upon nature and make AP systems of higher efficiencies than 
natural photosynthesis. 
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1.3 Why Solar Cell Dyes are Required 
 
Globally, ~80% of human energy consumption comes from fossil 
fuels.
66
 While these fossil fuels are energy rich and their use is well 
established, they are a finite resource. Fossil fuel use also releases 
carbon dioxide into the atmosphere, as it involves the burning of 
carbon-rich material. It has been estimated that, if the current trend in 
usage is followed, natural gas (a fossil fuel) resources will be 
exhausted in ~50 years.
67
 Clearly, alternative sources of energy are 
required. 
 
Ideally, the next main energy source to be established for long term 
use should be renewable to limit environmental impact and loss of 
resources. One very promising option is solar energy. Solar power is 
renewable, plentiful, clean, infinite, does not generate carbon dioxide 
during operation, and can avoid hazardous chemicals, temperatures or 
moving parts during operation.
68
 In fact, the energy contained within 
10 minutes of solar irradiation on the Earth’s surface is equivalent to 
one year of human energy consumption.
68
 
 
 
Figure 1.7: Projected global energy use
69
 
1.7 x 10
5
 TW 
Terrestrial global solar 
potential value ~600 TW 
 
So 10% efficiency solar 
farms ≈60 TW 
            In 2000                   In 2050 
      13TW was used                28TW projected use 
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In 2000, 13 TW of energy was used globally (Figure 1.7). It is 
predicted that by 2050, global energy consumption will increase to 28 
TW. Currently, the threshold for commercial application is a power 
conversion efficiency (PCE) of 10%. If we establish 10% efficient 
solar farms then ~60 TW of energy could be provided, which would 
be more than enough. Solar energy could easily meet our energy 
consumption requirements. 
 
In addition to capturing solar energy, AP systems must also be 
capable of storing this energy for later use. This can be done by 
converting it into a chemical form, such as ATP. 
One of the final limiting factors that solar conversion technology will 
encounter is storage captured energy. 
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1.4 History of Solar Cell Dyes 
 
Instead of mimicking photosynthesis, it is possible to capture solar 
energy and convert it into a more directly useable form. Solar thermal 
energy can be used to heat up water
70
 and start fires to use for warmth 
and cooking. Sunlight can also be directly converted into electrical 
energy; this is achieved using solar cells.  
 
The photovoltaic effect, the generation of electrical current upon light 
exposure, was first observed in 1839 by Alexandre-Edmond 
Becquerel.
71
 Becquerel made the first photovoltaic cell, using plates 
coated in silver salts. In 1883, aided by Willoughby Smith’s 1873 
discovery of photoconductivity in selenium, Charles Fritts created the 
first solar cell.
71
 This cell was made with selenium attached to an 
underlying metal electrode and the upper side coated in a layer of 
gold, and achieved an efficiency of >1%.
72
 
 
Silicon solar cells as we know them first appeared in 1954, on April 
25
th
, when Bell Laboratories announced the first practical solar cell.
73
 
In the 1970s, Dr Elliot Berman designed a cheaper silicon solar cell, 
paving the way for widespread use.
74
 Progress in this area continued 
and, in 1980, Hoffman Electronics produced a silicon solar cell which 
gave an efficiency of 14%.
74
 However, these silicon cells require a 
large quantity of highly pure silicon for which the demand, and thus 
the price of silicon, will increase significantly within the next 
decade.
75
  
 
In 1976, the first amorphous silicon solar cell was created by David 
Carlson and Christopher Wronski, RCA Laboratories. Amorphous 
silicon cells are advantageous over traditional silicon solar cells in 
that they are less expensive to produce, can be made in a wide range 
of shapes, less affected by shade, and are less likely to be damaged in 
transport and handling. However amorphous silicon cells have a 
lower efficiency and shorter cell lifetime. 
 
Therefore, attention turned to the possibility of harvesting light with 
organic molecules. Unlike traditional silicon solar cells, the 
18 
 
semiconducting material used in dye sensitised solar cells does not 
need to be highly pure, reducing material costs.
69
 
 
One type of cell that uses lower quality (and therefore cheaper) silicon 
is the amorphous silicon PV call. The first amorphous silicon cell was 
reported in 1976 by David Carlson and Christopher Wronski of RCA 
Laboratories. Advantages of amorphous silicon cells relative to 
silicon solar cells are a lower manufacturing cost, any defects in the 
silicon average out when used over large areas,  
 
Organic and inorganic dye sensitisation of TiO2 has been investigated 
for the use in thin film solar cells (TFSCs) for more than 20 years.
76
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1.5 Different Types of Thin Film Solar Cells 
 
There are two main types of thin film solar cells (TFSCs), dye 
sensitised solar cells (DSSCs, 
Figure 1.8) and bulk 
heterojunction (BHJ, Figure 1.9) 
cells.  
 
In DSSCs, a thin layer of sensitiser 
coats the titanium dioxide 
electrode.  Between the electrodes, 
there is a redox mediator, most 
commonly an iodine redox couple. 
For the p-DSSC (inverted), the 
dye’s HOMO level must be below 
that of the p-semiconductors 
valence band and the LUMO level 
must be higher than the I3
-
/I
-
 (or 
other electrolyte) redox potential. 
In p-DSSCs, photocathodes are used, as opposed to photoanodes 
which are used in n-DSSCs.  
 
It is possible to put cells in 
tandem
75,78 
(See Figure 1.10). This 
involves using different dyes in 
directly connected cells to improve 
photocurrent and conversion 
efficiency relative to the single 
cells.
79,80 
He and colleagues report 
the construction of a tandem DSSC, 
with both a photosensitised cathode 
and anode.
81
 
 
In BHJ cells, the donor and acceptor materials are mixed together. A 
heterojunction is formed when two organic materials, a donor and an 
acceptor, are put together in a photovoltaic device.
68
  
 
       Figure 1.8: DSSC
77
 
Figure 1.9: Tandem Cell
78
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For BHJ cells, polymer or small 
molecule sensitisers can be used. 
The benefits of small molecule 
based organic photovoltaics 
(OPVs), relative to polymer solar 
cells (PSCs), include greater 
energy structure control, easier 
purification, less variation from 
batch to batch and well defined 
structures.
82
 A downside of OPVs 
compared to PSCs is the lower 
PCE. A PCE of 9.2% has been 
achieved in a polymer based solar 
cell (PSC).
83
 Whereas for small 
molecule BHJ solar cells (SM 
BHJ), PCEs of over 7% have 
been reported.
82,84
  
 
This thesis however is focused on the synthesis of dyes suitable for 
use in DSSCs. 
 
 
1.5.1 DSSCs 
 
The concept of a DSSC was first reported by the Grätzel’s group in 
1991.
86
 Initial reports include inorganic ruthenium (Ru) metal 
complexes and high efficiencies were achieved with the use of such 
complexes. An early example is the Ru(II)-bipyridine complex made 
by Seefeld, Möbius and Kuhn (1977).
87
 These Ru metal complexes 
were used for more than a decade and are still at the higher end of 
conversion efficiency chart (reported efficiencies of up to 11%.). 
Table 1.1 illustrates the champion literature reports and Ru-metal 
complexes that have been studied for DSSC research. 
 
Dye N3 (supposed to be the 3
rd
 dye generated by Nazeeruddin in the 
research group of M. Grätzel, so called N-series dyes) (entry 1.3, 
Table 1.1), was reported in 1993 and gave a solar-to-electric energy 
Figure 1.10: Bulk 
Heterojuntion (BHJ) cell
85
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conversion efficiency of 10%.
88
 Dye N3 is a Ru-pyridyl complex 
containing four carboxylic acid groups (–COOH) and an efficiency of 
10% was reported (entry 1.4, Table 1.1).  
 
Dye N3 was further studied as a bis-(tetrabutylammonium)-salt (entry 
1.5, Table 1.1) and a highest PCE of 11.18% was reported.
89
 At the 
same time, another Ru-metal complex, named Z907 (entry 1.6, Table 
1.1), was developed and studied with polymer gel electrolyte.
90
 The 
devices based on Z907 afforded >6% efficiency and were found to be 
stable under light soaking experiment for 1000 hours, thus 
demonstrating the practical application of DSSCs.
91
 
 
Until 2006, 10.4% was the best reported efficiency using the Ru-
metal complex, black dye.
92
 However, Chiba et al. used black dye 
(entry 1.7, Table 1.1) and prepared titania electrodes with optimised 
light-scattering properties. A certified efficiency of 11.1% was 
reported, which is the best reported so far for any DSSC using a Ru-
metal complex.
93
 
 
However, the use of ruthenium is undesirable due to limited 
availability, cost, and environmental impact.
76,94-97
 
 
The first recorded use of an organic dye sensitiser was chlorophyll in 
an electrochemical cell made by Tributsch in 1972.
98
 Since then, 
research into this expanding field has focused on synthesising dyes, 
improving PCE (η), dye stability, cell lifetime, environmental impact, 
and monetary cost. 
 
Over the last decade, remarkable advances in the use of organic 
sensitisers for DSSC research have been achieved.  
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Table 1.1: Initial literature reports and Ru-metal complexes reported 
for DSSC research  
Entry Champion Literature / 
Metal Complexes 
Remarks/ 
Milestones 
1.1 First literature report by Grätzel on DSSCs
86
 Year: 1992 
 
1.2 Review: Dye-sensitised solar cells; by 
Grätzel
99
 
Year: 2003 
 
1.3 Development of first Ru-metal complex, 
called as N3
88
 
 
PCE: 10% 
Year: 1993 
 
1.4 First dye (Black dye) reporting higher 
efficiency than N3
92
 
 
PCE: 
10.4%, 
certified by 
NREL 
Year: 2001 
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1.5 First dye (N719) reporting highest efficiency 
of 11.18%
89
 
 
PCE: 
11.18% 
Year: 2005 
 
1.6 Dye Z907 was studied with polymer-gel-
electrolyte and light-soaking experiments 
were conducted
90,91  
 
PCE: > 6% 
Year: 
2002/2003 
 
1.7 Highest certified efficiency for DSSC using 
any Ru-metal complex
93
  
 
PCE: 11.1% 
Year: 2006 
 
 
It is notable to mention that during the past five years, many review 
articles
69,100 
have been published on the use of inorganic/organic 
sensitisers. These review articles further help to understand the 
working mechanisms of DSSCs that are out of the scope of this thesis.  
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If we look back on the development of photovoltaics, they can be 
classed into generations
69,101
: 
 First generation solar cells are based on silicon.  
 Second generation solar cells are based on thin film 
technologies (TFSCs included) and often involve amorphous 
silicon, CIGS (copper indium gallium diselenide) and CdTe 
(cadmium telluride).  
 Third generation solar cells include multiband cells, hot carrier 
cells, multiexciton generation, and thermophotovoltaics.   
 
The photovoltaics covered in this work are of the second generation. 
 
1.5.2 Working Principles of DSSCs 
 
DSSCs work on a very different principle to the conventional 
polycrystalline silicon solar cells, a schematic representation of the 
operational principle for DSSCs is represented in Figure 1.11. 
 
Figure 1.11: Operational principles of a typical DSSC
99
;
 
 
photoexcitation of the sensitiser (S) is followed by electron injection 
25 
 
into the conduction band of a semiconductor oxide film (typically 
titanium dioxide: TiO2). The dye molecule “S” is regenerated by the 
redox system, which itself is regenerated at the counter electrode by 
electrons passed through the load. Potentials are referred to the 
normal hydrogen electrode (NHE); (Figure 1.11 has been adapted 
with permission from reference
99
; copyright 2003 Elsevier). 
 
A is the conducting glass surface (fluorine doped tin oxide usually 
known as FTO glass), B is the TiO2 layer deposited on the surface of 
FTO glass and B' is the conduction band. The TiO2 is a  mesoporous 
oxide layer composed of nanometer-sized particles which have been 
sintered  together to allow for electronic conduction to take place. C is 
a monolayer of dye adsorbed on the surface of TiO2 and C' indicates 
the photoexcitation of the electron to the excited level D, where from 
it goes into the conduction band (B') of titania. E is the indication of 
electron donation from the redox electrolyte system thereby 
intercepting the recapture of the conduction band electron by the 
oxidised dye. F and G indicate the iodide regeneration from the 
reduction of triiodide at the counter electrode, the circuit being 
completed via electron migration through the external load. H 
indicates the voltage difference between Fermi level of the electron in 
the solid and the redox potential of the electrolyte. The cathode part is 
the counter electrode which is platinum coated FTO glass. 
 
Photoexcitation of the dye results in the injection of an electron into 
the conduction band of TiO2. The original state of the dye is 
subsequently restored by electron donation from the electrolyte, 
usually iodide/triiodide couple.  
 
The regeneration of the dye by iodide intercepts the recapture of the 
conduction band electron by the oxidised dye, which would prevent 
current flow around the circuit. The iodide is regenerated in-turn by 
the reduction of triiodide at the counterelectrode, the circuit being 
completed via electron migration through the external load. The 
voltage generated during illumination corresponds to the difference 
between the redox potential of the electrolyte and the Fermi level of 
26 
 
the nanocrystallline film. Overall the device generates electric power 
from light without suffering any permanent chemical transformation.  
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1.6 Advantages and Disadvantages of DSSCs 
 
DSSCs have gained popularity due to their ease of production, low 
cost and tuneable optical properties.
102,103
 The advantages
69
 of DSSC 
include:  
 Being lightweight. 
 A wide range of design opportunities. 
 Low production cost. 
 Enough feedstock to achieve a terawatt scale. 
 Being better suited to indoor applications. 
 Able to capture more light than bifacial (can absorb light from 
two sides- often direct and reflected sunlight) cells. 
 Better performance in diffuse light and higher temperatures (real 
outdoor conditions).  
 Flexibility. 
 Shorter energy payback time. 
 
In classical organic photovoltaic devices, the organic materials were 
responsible for both the capture of light energy (as a charge 
separation) and charge transfer. This puts restrictions on the types of 
materials used. In DSSCs, the two tasks are separated.
86
 The organic 
dye captures the sunlight and converts it to a charge separated state. 
The charge is then transported by the electrolyte and semiconductor. 
Therefore, the focus can be entirely on the organic material’s ability 
to absorb sunlight.
68
  
 
There are a number of benefits in separating light absorption and 
charge transport.
23
 These include: 
 No required doping treatments. 
 A larger choice in sensitisers. 
 Not requiring costly purification. 
 Being able to use simple screen printing methods. 
 A larger choice in charge transport materials. 
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DSSCs can be improved by extending the adsorption band into the 
near-infrared region and decreasing the electrolyte redox potential, 
which gives an increase in the open circuit potential.
104
  
One disadvantage in DSSCs, as opposed to traditional inorganic solar 
cells, is that they are required to have large over-potentials. This is 
needed to power dye regeneration and electron injection into the 
semiconductor, and gives a significant loss of potential (>700 mV).
104
  
Also, long periods of sensitisation (e.g. 12 hours) of the TiO2 
electrode resulted in increased radiationless quenching and changes in 
adsorption geometry, giving an aggregation-induced decrease in 
PCE.
105
 
 
The PCEs possible by DSSCs are not yet at the same level as 
inorganic solar cells, but are constantly improving through continued 
research. This is one of the aims of this work, in addition to making 
easily synthesised dyes and adding to the global knowledge of how 
substituents and dye structure affect performance. 
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1.7 Different Dyes 
 
Given the highly customisable nature
69
 of the organic components 
used to construct sensitisers, a huge number of different dyes are 
possible. The compounds used, how they are linked, substituents, and 
arrangement can all be changed. Ideally a dye should be panchromatic 
and absorb as much light as possible to achieve a high PCE.
68
  
 
In addition to the huge range of possible variations that can be made, 
even a small change in sensitiser structure can lead to dramatic 
changes in function.
55
 Due to this, the design of sensitisers have to be 
considered carefully for optimal charge separation and transfer 
properties, owing particularly to the time and effort required to 
produce them.
43
 
 
In terms of arrangement, sensitisers should ideally allow for 
directional electron transfer.
43
 Once an excited electron is generated, 
it should move along the dye to the semiconductor. Failure to do so 
would allow quenching of the excited state. 
 
There are currently three types of solution-processable organic 
molecule photovoltaic donor materials
103
: 
 Triphenylamine based molecules
106-113 
 
 Hyperbranched molecules
114-118
 
 Planar linear A-D-A structured molecules
119-128
 
 
The Donor-π-Acceptor (D-π-A) arrangement provides design 
flexibility.
96
 These D-π-A dyes are typically comprised of three parts; 
an acidic ligand to attach to the semiconductor, a light harvesting 
portion, and ligands (to reduce aggregation and increase 
solubility).
104,129
  
 
Desirable properties of D-π-A dyes
130
 include high molar extinction 
coefficients
69
, wide variety available in structure, and potentially low 
fabrication costs. 
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The light harvesting portion of the dye absorbs light of certain 
wavelengths, promoting an electron to the excited state. This excited 
electron can then move along the dye, provided the next components 
are capable of accepting this excited electron. If the excited electron 
cannot move from the light harvesting component, it will relax and 
return to the ground state. This highlights the importance of the spacer 
and acceptor both being capable of accepting the excited state 
electron. 
 
Some dyes such as Y123
23
 have substituents with long alkyl chains. 
This is to improve solubility and reduce dye aggregation. When dyes 
pack together and form aggregates, their electronic character is 
changed due to wave function overlap, often quenching the excited 
state before electron transfer can take place.
104
 Thus, electron 
injection only occurs from monomeric dye, not aggregates
131
, making 
aggregation important to avoid. 
 
Most dyes have a ligand or a component which interacts with the 
semiconductor. These are often acidic and allow the excited electron 
to be transferred to the conduction band of the semiconductor. Dyes 
can be anchored to the metal oxide through
69,132,133
: 
 hydrogen bonds 
 covalent linkages 
 electrostatic interactions (ion exchange, ion paring, donor-
acceptor) 
 hydrophobic interactions 
 van der Walls 
 physical entrapment 
 
It may be possible that electron transfer can also occur through space. 
Ye et al.’s results indicate that the electron transfer from the 
porphyrin to the TiO2 occurs “through-space” as opposed to “through 
the molecular spacer”.
105
  
 
Dyes, such as porphyrins, can also contain metals. The presence of 
these metals affects the dye performance. Metals which have been 
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inserted into the porphyrin ring
134
 include Zn, In, Al, Ga, Mg, Ca, and 
Pb. Other metals which have been used in dyes include Re
135
, Ru
136
, 
Os
99,137,138
, Pt
139,140
, Cu
141
, Se
142
, and Fe
143
. Ruthenium has been used 
extensively in dyes but it is not desirable, as ruthenium is very rare. In 
this work, zinc is the only metal inserted into dyes. This is because it 
is relatively cheap, readily available, and has already shown great 
promise in solar cell dyes.
144
 
 
 
1.7.1 Previously Produced Dyes 
 
Varieties of dyes previously studied include
69,145
: 
 carbazole
97,146-152
  
 coumarin
95,153-161
 
 heteroanthracene
162-168
 
 indoline
169-181
  
 tetrahydroquinoline
182-185
 
 natural
186-194
  
 N,N-dialkyaniline
122,195-197
  
 polymeric
198-204
  
 hemicyanine
205-213
  
 oligothiophene
214,215
 
 merocyanine
216-219
  
 BODIPY
220,221
  
 squaraine
131,222-230
  
 anthroquinone
231
  
 perylene
232-240
 
 cyanine
131,241,242
  
 oligoene
195
  
 thiophene
148,243
  
 triarylamines
142,244-260
 
 
Table 1.2 contains examples of sensitisers, in ascending PCE order. 
The theoretical maximum PCE a photovoltaic cell (a single collector 
32 
 
quantum system) can achieve is 30.9% for a system at 300 K.
261
 The 
highest efficiency for an ionic dye thus far is 7.6%.
75,262
  
 
Table 1.2: Previously produced dyes and PCEs 
 
Dye Structure PCE 
Coumarin 
(343) dye
263
  
 
 
0.033% 
(AM1.5, 1000 
W.m
-2
) 
Star shaped, 
triphenylamine
-based dye
112
  
 
1.17% 
(AM1.5, 100 
mW.cm
-2
) 
Lee, et al., 
found the 
inclusion of the 
bodipy resulted 
in an improved 
PCE and 
greater spectral 
coverage.
264
  
1.55% 
D-π-A, 
cyanoacrylic 
acid-
pentaphenylene
-diphenylamine 
dye
163
  
 
 
2.3% 
(AM1.5, 100 
mW.cm
-2
) 
33 
 
D-π-A, 
thiophene 
containing dye 
(PT)
265
  
2.3% (AM1.5, 
1000 W.m
-2
) 
Perylene dye 
(iPr-PMI)
236
 
 
2.6% 
(AM1.5, 100 
mW.cm
-2
) 
Benzothia-
diazole dye 
(S1)
142
  
 
3.77% 
(AM1.5) 
DERHD5T
82
 
 
4.63% 
(AM1.5G) 
triphenylamine
-based dye 
(2b)
266
 
 
5.06% 
Indoline dye
171
  
 
5.1% 
(AM1.5, 100 
mW.cm
-2
) 
34 
 
Polyenetri-
phenylaniline 
dye (D5)
244
  
 
 
5.1% 
(1000 W.m
-2
, 
AM1.5) 
Thiophene-
based dye  
(JK-5)
248 
 
 
5.12% 
(AM1.5, 
standard global 
solar 
conditions) 
Phenothiazine 
sensitiser  
(T2-1)
167
  
 
5.5% 
(AM1.5G, 100 
mW.cm
-2
) 
Coumarin-
based dye
153
  
 
 
 
5.6% 
(AM1.5, 100 
W.cm
-2
) 
Small molecule 
sensitiser 
(DPP-III)
267
 
 
 
5.65%  
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Triphenyl-
amine-based 
dye 
(TPAR4)
250
 
 
5.84% 
(AM1.5, 100 
mW.cm
-2
) 
Starburst, 
triarylamine-
based dye 
(S4)
253
 
 
6.02% (100 
mW.cm
-2
) 
Indoline-based 
dye
170
 
 
6.1% 
(100 mW.cm
-2
, 
Xe lamp 400-
700 nm) 
1,3-
Disubstituted 
thiophene 
dye
246
  
 
 
6.15% 
(AM1.5, 100 
mW.cm
-2
) 
Thiophene dye 
(D-SS)
122
  
 
6.23% 
(AM1.5, 100 
mW.cm
-2
) 
36 
 
Zinc 
carboxyphenyl
porphyrin 
(ZnTCPP)
268
 
 
6.35% 
Blue (JK2) and 
red absorbing 
(SQ1) dye
173
 
 
6.4% 
(AM1.5, 100 
mW.cm
-2
) 
Oligoene-based 
sensitiser 
(3d)
195
  
 
6.6% 
(AM1.5, 100 
mW.cm
-2
) 
Benzo[b]furan 
sensitiser
243
 
 
6.65% 
(AM1.5, 1000 
W Xe lamp) 
SQ1 
JK2 
37 
 
D29 and D35 
with a cobalt 
polypyridine 
redox mediator 
dye
269
 
 
 
6.7% 
(AM1.5, 1000 
W.m
-2
) 
Perylene-based 
dye
235
 
 
6.8% 
(AM1.5G, 100 
mW.cm
-2
) 
D35 
D29 
38 
 
ZPS and ZP 
porphyrin dyes 
in a co-
sensitised solar 
cell
270
 
 
 
6.86% 
(AM1.5) 
D-π-A 
oligothiophene 
dye (DS-2)
107
 
 
 
7.00% 
(AM1.5G, 100 
mW.cm
-2
) 
p-Phenylene 
vinylene based 
dye (JK-59)
247
 
 
 
7.02% 
(AM1.5, 
standard 
conditions) 
ZP 
ZPS 
39 
 
Ruthenium 
dye
86
 
 
7.12% 
(AM1.5, 750 
W.m
-2
) 
SQ7 and 
JK2
251
 
 
 
 
7.43% 
(AM1.5G, 100 
mW.cm
-2
) 
Carbz-
PAHTDTT
271
 
 
 
7.5% 
(AM1.5, 1000 
W.m
-2
) 
Porphyrin dye 
(LD12)
272 
 
 
7.50% 
(100 mW.cm
-2
) 
SQ1 
JK2 
40 
 
Benzothiadi-
azole dyad
262
 
 
7.62% 
(75 mW.cm
-2
, 
Xe lamp) 
Thiophene 
containing dye 
(JK-41)
148
 
 
7.69% 
(standard 
global AM1.5) 
Coumarin-
thiophene 
sensitiser 
(NKX-2677)
95
 
 
7.7% 
Alkyl-
substituted 
oligothiophene 
dye (MK-3)
97
 
 
 
7.7% 
(AM1.5G, 100 
mW.cm
-2
) 
D-π-A, 
porphyrin-
triphenylamine 
based dye 
(YD20)
273
 
 
8.1% 
(AM1.5G, 100 
mW.cm
-2
) 
41 
 
Coumarin-
thiophene dye 
(NKX-2700)
154
  
 
8.2% 
(AM1.5G, 100 
mW.cm
-2
) 
TA-St-CA
245
 
 
 
9.1% 
(AM1.5, 100 
mW.cm
-2
) 
Indoline-based 
dye (D205)
172
 
 
9.25% 
(AM1.5G, 100 
mW.cm
-2
) 
Cyclopentadi-
thiophene dye 
(Y123)
274
 
 
 
9.6% 
Triphenyl-
amine based 
dyes
252 
 
 
 
10.08% 
(100 mW.cm
-2
) 
42 
 
Zinc porphyrin 
dye (LD14)
275
 
 
10.17% 
(AM1.5G, 100 
mW.cm
-2
) 
Push-pull 
photosensitiser 
(C219)
276
 
 
10.0-10.3% 
N719
136
 
 
10.4% 
(AM1.5, 100 
mW.cm
-2
) 
43 
 
Porphyrin-
based dyes 
(YD2-oC8 and 
YDD6)
144
 
 
 
 
 
10.4% 
(AM1.5G, 100 
mW.cm
-2
) 
Black dye
88,92
 
 
10.4% 
Indoline dye 
(D131)
277
 
 
 
 
11.0% 
(AM1.5, 100 
mW.cm
-2
) 
YD2-oC8 
YDD6 
D131 
44 
 
YD2-o-C8 (a 
D-π-A dye) 
and Y123
23
 
 
 
 
 
12.3% 
(1.5G) 
D-π-A 
porphyrin dye 
(SM315)
102
 
 
 
13% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
YD2-oC8 
Y123 
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1.7.2 Dye Components 
 
The components of a dye will greatly influence the end performance 
of the solar cell. Table 1.3 is a list of common synthons used in dye 
construction. Efficient dyes have
195
: 
 Stable redox reactions, for long term stability. 
 A LUMO level which allows electron injection into the TiO2 
conduction band. 
 A HOMO level which allows electron acceptance by the redox 
couple. 
 An anchoring group to encourage directional electron injection. 
 Panchromatic or wide absorption band. 
 A high absorption coefficient. 
 An intramolecular charge transfer, to transfer the electron 
toward the TiO2. 
 A wide spectral window, which is indicative of effective light 
absorption.
278
 
 
 
The required dye characteristics
69
 include: 
 Entire visible and possibly near-infrared absorption. 
 An anchoring group to connect the dye to the semiconductor 
surface (-COOH, -H2PO3, -SO3H). 
 Photostability. 
 Electrochemical stability. 
 Thermal stability. 
 Avoidance of aggregation through molecular structure or the 
addition of co-absorbers. 
 The photosensitiser’s oxidation state must be more positive than 
the electrolyte’s redox potential. 
 For n-type DSSCs, the photosensitiser’s excited state energy 
level should be higher in energy than the n-type 
semiconductor’s conduction band edge. 
 For p-type DSSCs, the photosensitiser’s HOMO level should 
have a more positive potential than the p-type semiconductor’s 
valence band level. 
46 
 
Table 1.3: List of the common synthons that have recently been 
reported for DSSC solar cells 
 
Common synthon Structure 
Triphenylamine and its 
derivatives
245
 
 
Thiophene
279
 
 
3-Hexylthiophene
280
 
 
Fluorene
281
 
 
 
Dithienosilole
276
 
 
 
Carbazole
282
 
 
Furan
283
 
 
Dithienocyclopentane
271
 
 
 
Benzodithiophene
284
 
 
 
Tian et al. found that the nature of the π-spacer, its substituents, the 
electron acceptor, and the bath in which the dye was applied, all affect 
cell performance. The bath can affect the binding modes, the amount 
absorbed and absorption spectrum of the dye attached to the TiO2.
259
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Gust, et al. discovered that by increasing the separation between the 
charge separating components, the rate of charge recombination 
decreases, leading to the synthesis of various triads, tetrads, pentads, 
etc.
25,43,285,286
  
 
In this work, some of the main components looked at include 
porphyrin, naphthalene diimide, triphenylamine and thiophene. 
 
The chosen building blocks of this 
thesis are porphyrins (Figure 1.12) and 
naphthalene diimides (NDIs, Figure 
1.13). Porphyrins are synthetic 
analogues of natural molecules that 
have been utilised in many areas of 
supramolecular chemistry. Porphyrin 
macrocycles are a group of organic 
compounds that typically have very 
intense absorption bands in the visible region and good fluorescence 
properties. Multiporphyrin arrays having well-defined shapes and 
dimensions through self-assembly processes provide significant roles 
in biology, photonics, catalysis, solar energy conversion and energy 
storage. On the other hand, aromatic heterocyclic molecules have 
found utility in the design of 
advance functional materials. 
Naphthalene diimides (NDIs) are 
a compact,
85
 organisable, 
colorisable and functionalisable
 
organic n-semiconductor, that 
may be considered as an ideal 
module for the creation of 
supramolecular functional 
materials.
 
Both possess 
outstanding thermal and photophysical stability, and can absorb light 
over a broad colour range, depending on the nature of functional 
substituents and the choice of core metal in the former.
287-289 
 
 
Figure 1.12: Porphyrin ring 
Figure 1.13: Naphthalene diimide 
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There has been prior interest in such systems and a small but diverse 
range of porphyrin-NDI donor-acceptor combinations of 
supramolecular assemblies have been investigated for solar energy 
conversion in recent years.
290-295
  However, the reported systems are 
all of complex construction, and due to the complexity of the 
scaffolds, involve lengthy, multi-step synthetic procedures which are 
problematic for practical applications. The data gathered to date is 
also diverse, rather than systematic, with regard to charge separation 
vs. charge recombination, the effect of components on performance, 
and the lifetime of the charge-separated state.  
 
The functionalisation and donor-acceptor pairing of porphyrin 
scaffolds will therefore be explored in detail in this project.  
The biological relevance of porphyrins and their favourable properties 
as natural chromophores have made them attractive candidates for the 
molecular components in artificial photosynthetic systems.
15,16,53,296
 
However, until recently, they have only really been explored in an 
energy acceptor capacity.
296
 Porphyrins have rigid molecular 
architectures, but they are extremely versatile
297
 due to the ease of 
functionalisation of the scaffold, and hence their supramolecular 
organisation potential and optical spectra can be readily tuned.
106,298-
300
  
 
NDIs are also considered ideal modules for the creation of 
supramolecular functional materials.
39,301-310 
They are compact,
 
organisable, colourisable, and functionalisable
 
organic n-
semiconductors, with broad light harvesting ability and intense near-
IR absorption between 500-780 nm.  
 
 
1.7.3 Porphyrins 
 
Porphyrins have desirable properties such as strong absorption
311
 in 
the visible region due to π-π* transitions, high molar extinction 
coefficients, photochemical stability, electrochemical stability and the 
wide range of derivative options.
312
 In particular, they absorb 
significantly in the Soret (blue region) and Q-band (red region) 
49 
 
regions of the spectrum, and to a 
lesser extent the wavelengths of 
light in between the two.
102
 Both 
the ground and excited states of 
porphyrins are suitable for 
efficient electron transfer, owing to 
the extensive π-conjugation. Both 
singlet and triplet excited states in 
porphyrin survive long enough to 
interact, in a high probability, with 
other molecules before deactivation.
313
 As a result of these desirable 
properties, porphyrins have be used in
314
: 
 Semiconductor sensitisers
315-317
 
 Sensors
318-320
 
 AP
29,321,322
 
 Catalysts
323-324
 
 Molecular sieving materials
325,326
 
 Biomineralisation templates
327 
 Molecular switches
328
 
 
 Non-linear optics
329,330 
 Photoactive polymers
331 
 Molecular tapes
332 
 Vernier templating
333 
 
The structure of porphyrins is open to a significant amount of 
variation. This makes their photovoltaic properties tuneable via the 
location, type and number of substituents, and the nature of the 
metallic ion centre.
311
 There are two main positions upon which 
substituents can be located on the porphyrin ring, the meso and β 
positions (Figure 1.14). The meso position is the more popular place 
for substituents. Some substituents are used to improve the quality of 
the dye, for instance preventing aggregation and improving film 
forming properties. Molecular aggregation can be reduced by the 
addition of bulky meso-substituents on a porphyrin ring.
314
 Other 
substituents are used to improve the photovoltaic performance of the 
dye. Tetraphenylporphyrins, in particular, exhibit broad absorption in 
Figure 1.14: Substitution 
of the porphyrin ring 
meso 
β 
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the visible spectra and desirable redox properties for charge 
separation.
39,52,333-339
  
These substituents are often incorporated before the ring is assembled, 
through the use of substituted pyrroles and aldehydes. (Figure 1.15) 
 
               
 
These methods are constantly being revised and improved upon.
145,340-
343
  
Many porphyrin dyes involve a “push-pull” structure with substituent 
“push” and “pull” groups. Some of the findings and results of studies 
on porphyrin substituents include: 
 
 Chang, et al., found that the presence of ortho-alkoxyl phenyl 
groups, in the meso position of a porphyrin ring, improved dye 
performance in terms of PCE.
275
  
 
 Kang et al. synthesised a series of push-pull D-π-A dyes in 
which the electron donating group was on the meso position. 
When long alkoxyl chains were added to the electron donating 
group, opposite the anchoring group, the spectrum of the dye 
was red-shifted and broadened. This may be due to the 
prevention of electron recombination and easier electron 
injection. Upon DSSC fabrication in which the HOP dye was 
co-sensitised with PTZ1 dye, a PCE of 7.6% was achieved. 
Without co-adsorption, the PCE was 2.9%.
344
  
 
 Amino-porphyrin rings can be oxidised directly with the use of 
Dess-Martin periodinane (DMP) to give porphyrin-α-diones, 
Figure 1.15: Basic porphyrin synthesis 
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providing an alternative avenue for substituents.
345
   
 
 Losing the symmetry of a porphyrin and elongating the π 
conjugation results in a red-shift and broadening of the 
absorption bands. It also increases the intensity of the Q band in 
relation to the Soret band.
346
 
 
 By elongating the π conjugation in porphyrins, with the loss of 
symmetry, the π and π
*
 levels are split and the HOMO-LUMO 
gap decreases. This results in the increased absorption of the Q-
bands and the red-shift and broadening of the overall 
spectrum.
347
 
 
 It has been demonstrated by Ma et al. that with a long π-spacer 
and electron withdrawing group adjacent to the carboxylic acid, 
porphyrin dye PCE can be increased.
346,348
 
 
 Campbell and his colleagues have shown that a porphyrin based 
dye with a conjugated ethenyl or diethenyl linker in the β- 
pyrrolic position and a carboxylate binding group gave cell 
efficiencies up to 5.2% in a liquid electrolyte cell. They have 
gone on to design porphyrin sensitisers with aryl groups as 
electron donors and malonic acid as an acceptor and binding 
group, which gave overall conversion efficiencies up to 7.1%.
94
 
The malonic acid improves the electronic coupling of the dye by 
binding it more strongly with the semiconductor surface.
94
 
When substituted at the β-pyrrolic position of a porphyrin, there 
is a strong interaction between the porphyrin’s π-system and an 
olefin-linked electron acceptor.
349,350
  
 
 Qing Wang et al. synthesised and studied a series of zinc 
metalloporphyrins and found key molecular orbitals of some of 
the porphyrins (acrylic acid, 2-cyano-3-acryliic acid) to be 
extended into the substituents. In addition to the stabilisation 
that results, there is also a red-shift and increase in visible 
transitions, and a higher probability of electron transitions and 
52 
 
electron transfer from the substituent.
351
   
 
 Lash, et al., found the characteristics of a porphyrin ring can be 
altered by the inclusion of fused aromatic subunits.
352
  
 
 The addition of proquinoial units onto a porphyrin ring results in 
a broader, red-shifted absorption in the Soret and Q-
bands.
102,331,352-354
 
 
 Chin-Li Wang et al. synthesised and studied a series of 
porphyrins with alkyl and/or alkoxyl chain. It was found that 
long alkoxyl chains are able to wrap around the porphyrin core 
which decreases dye aggregation, improves photovoltaic 
performance and elevates excited states and LUMOs.
355
  
 
 Konovalova, Kirienko and Luzgina synthesised and 
characterised a number of freebase to zinc porphyrin dyads, 
which could be used for directional excitation.
356
  
 
 Yella et al. produced a DSSC using YD2-o-C8 (a D-π-A dye) 
cosensitised with Y123 and Co
(II/III)
tris(bipyridyl)-based redox 
electrolyte that gave a PCE of 12.3%, under AM1.5G.
23 
  
Improvements to the Yella et al. YD2-o-C8 system, and other 
DSSCs, can be made by further limiting desorption though using 
new anchoring groups, developing new functional groups to 
increase NIR absorption, and using solid state hole conductors 
or ionic liquid based electrolytes to remove volatile solvents.
23
 
 
 
In addition to acting as dyes themselves, porphyrins can be 
incorporated as components in other, larger dyes: 
 
 Two donor-π spacer-acceptor porphyrin dyes were synthesised 
with the spacer differing by the addition of a Schiff base 
structure. The placement of a Schiff base in the meso position 
makes the Eox (excited state oxidation potentials) more positive 
53 
 
and reduces the HOMO-LUMO gap.
312
 The extension of the π-
spacer with the Schiff base resulted in a broader, slightly red-
shifted and more intense absorption.
312
 
 
 In 1980, Ho, McIntosh and Bolton reported a porphyrin-
hydrocarbon-quinone D-π-A molecule which demonstrated 
reversible photochemical electron transfer.
44
  
 
 Photo-induced electron transfer was observed in a covalently 
linked zinc(II) tetraphenylporphyrin – amino naphthalene 
diimides dyad (ZnTTP-ANDI).
357
 
 
 Bandi, et al. combined zinc tetraphenyl porphyrin, 
dipyrromethene and azadipyrromethane to produce a sensitiser 
which exhibits absorption across the entire visible region.
358
  
 
 Torres, et al. report a manganese porphyrin triad used in the 
photocatalytic epoxidation of stilbene showing increased 
stereoselectivity as a result of the stability of the system.
311
  
  
 Shalati, Aal and Maholy synthesised a Ru-porphyrin-fullerene 
dyad and found that the ruthenium narrows the band gaps of the 
porphyrin dye and dyad, induces higher photo-to-current 
conversion efficiency, facilitates rapid electron injection from 
the porphyrin to the fullerene, and alters the density of states 
near their Fermi levels.
346
 
 
 Liddell and co. synthesised and studied the charge separation of 
a porphyrin-fullerene dyad.
359
  
 
 Liddell and co. produced a reversible, light activated 
dithienylethene-porphyrin-fullerene molecular switch.
328
  
 
 Chandra et al. synthesised and characterised porphyrin-amide-
phthalocyanine conjugates. Porphyrins absorb at 420 nm (Soret 
band) and at 500-600 nm, and phthalocyanine absorbs at 347 nm 
54 
 
(Soret band) and at 600-700 nm, covering the entire visible 
region.  The ZnP-ZnPc cell gave an overall light conversion 
efficiency of 0.9%.
360
 ZnTTP coordinated more strongly to the 
TiO2 than the ZnPc did, giving a method of directional charge 
transfer control.
360
 Phthalocyanines may be used as 
“photovoltaic windows” owing to their lack of absorption within 
the visible spectrum.
347
 Phthalocyanines and perylenes can also 
be used as sensitisers. Phthalocyanines have achieved PCEs of 
up to 3.5% and perylenes up to ~7%.
347
 
 
 Bodipy absorbs in the blue-green region of the visible spectrum. 
For this reason, Lee and Hupp combined it with a porphyrin to 
produce a dyad. The inclusion of the bodipy resulted in an 
improvement of PCE (η=1.55% vs η=0.84%) and greater 
spectral coverage.
264
  
 
 
1.7.4 Naphthalene Diimide 
 
Naphthalene diimide (NDI) has been used in this work, and by others, 
as an electron acceptor. NDIs have many 
properties
361
 which suit its use as an 
electron acceptor including a suitable 
reduction potential, a characteristic 
radical anion absorption spectrum
130
, a 
relatively high triplet state
362
, and 
semiconducting properties.
120,363-365 
They 
can also be reversibly reduced to stable 
anion radicals.
366-368
 Naphthalene 
diimides can be used as DNA 
intercalators
365
, in zipper assemblies
369
, for charge separation and 
conduction.
16
 
There are two main areas on the NDI which can have substituents, the 
imide nitrogen and on the core (Figure 1.16). The imide substituents 
on a NDI have no significant effect on the absorption or emission 
properties.
370
 The nature of the amide substituent on NDI influences 
the extent of dye aggregation.
84,368
 
imide 
core 
Figure 1.16: Substitution 
of Naphthalene diimide 
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The nature of core substituents on the NDI influences the 
spectroscopic properties of the dye overall.
370,371 
NDIs without core 
substitution do not absorb light in the visible region.
372
 The difference 
between core and nitrogen bonding may be due to weaker electronic 
coupling, with the main electron density of the NDI on the 2, 3, 6 and 
7 positions of the core.
371
 By increasing the number and electron 
donating strength of core substituents, a decrease in the energy of the 
longest wavelength electronic transition is seen.
372
  
 
Since core substituents are so important to NDI photovoltaic 
properties, a significant amount of effort has been put into developing 
methods of synthesis: 
 Core substituted NDIs can be made from 2,6-dibromo-1,4,5,8-
napthalenetereacarboxylic dianhydride (Br,Br-NDA), which in 
turn can be generated through the use of dibromoisocyanuric 
acid. This dibromoisocyanuric acid synthetic approach is rapid, 
mild, relatively safer, and more user friendly than the traditional 
Cl,Cl-NDA and O,O-NDA pathways.
364
 A range of diamine, 
core-substituted NDIs can be reached through the 2,6-
dichloronaphthalene dianhydride.
370
   
 
 NDI can be brominated in the 2, 3, 6 and 7 positions by 
dibromoisocyanuric acid, in good yield.
373
 These bromines can 
then be substituted out for the core substituents.  
 
 Electron-donating alkyl amine and alkoxide naphthalene 
bisimides can be made from the dichloronaphthalene bisimide 
via nucleophilic displacement.
371
  
 
 Röger and Würthner report a bromination method for NDI with 
dibromoisocyamic acid.
373
 
 
 Tin derivatives of naphthalene diimide can be used to generate 
bi- or ter- NDI derivatives.
374
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 Röger and Würthner found that both the nature and number of 
substituents on the NDI core affected its electronic properties. 
The more alkylamino substituents, the more negative the redox 
value.
373
 
 
 Chaignon, et al. found that by linking [Ru(bpy)3]
2+
 to the 
naphthalenediimide (NDI) core rather than the nitrogen, a 1000 
fold increase in photoinduced electron transfer was observed. 
Core substituted NDIs are therefor of interest for long range 
electron transfer in molecular arrays in solar cell sensitisers and 
molecular electronics.
362
  
 
 Alkoxyl NDIs are yellow dyes, alkyl amine NDIs are red to blue 
dyes.
371
  
 
 Jaggi and Bhosale groups jointly reported the use of 
tetrathiafulvalene and core substituted NDI in a dyad which 
absorbs light from the visible to near infrared spectra.
372
 
 
 
Other common acceptors include bis(imides), quinones, aromatic 
imides, fullerenes, and cyanoacrylic acid
259
. These are popular 
because they form stable anions and have low reduction potentials.
339
 
 
 
1.7.5 Oligothiophenes 
 
In parts of the work covered in this thesis, oligothiophenes are used as 
π-spacers in sensitiser construction. Oligothiophenes (Thiophene in 
Figure 1.17) have a high polarisability, 
good transport properties and tuneable 
electrical and optical properties. This 
makes them ideal semiconductors and 
electron donors for use in solar cell dyes.
82
 
Oligothiophenes are well known as effective hole transporting 
species
127
 and thiophenes can be used to construct 3D dendron and 
Figure 1.17: Thiophene 
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dendrimer macromolecules.
116
 An example of thiophene use is by 
Hara, et al., who improved the PCE of the courmarin-thiophene dye 
NKX-2677 (See 1.7.1, relative to that of NKX-2311) through the 
addition of thiophenes, producing  more negative LUMO levels and 
broader absorption spectra.
95
 Expansion of the π-conjugation causes a 
red-shift and broadening of the absorption spectra.
250
 Methine units (-
CH=CH-) have also be used to extend the π-conjugate spacer.
122
  
 
 
1.7.6 Triphenylamine 
 
The triphenylamine donor (Figure 1.18) can be used to prevent 
charge recombination by confining 
the cation charge at a distance from 
the semiconductor surface.
262
 It 
also inhibits dye aggregation 
through steric hindrance.
130
 An 
example of work using 
triphenylamine is by Wan, et al. 
Two triphenylamine-base starburst 
dyes were synthesised and used in 
TFSCs. It was found that the carbazole derivative performed better 
than the phenothiazine derivative.
375
 In terms of importance of the 
donor group, Tian et al synthesised and studied a series of dyes only 
differing by their amine electron-donating group. They found that by 
changing the donating group, the dye’s properties changed 
significantly.
376
 
 
 
 
 
 
 
 
 
 
 
Figure 1.18: Triphenylamine 
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1.8 Different Redox Mediators 
 
The redox mediator not only allows the completion of the cell circuit, 
it can also affect the cell’s overall performance through the identity 
and concentration of the cations in the electrolyte.
105,278,377,378 
It is 
important to indicate that most of the organic dyes are tested with 
standard iodine/iodide or solvent-free ionic liquid electrolytes. The 
use of such high-performance iodine-based electrolytes is afflicted 
with a number of disadvantages, such as high volatility, significant 
coloration and corrosive nature. Additionally, the redox potential of 
the iodine mediator is quite low (0.4 vs. NHE) and it would be 
desirable for a mediator to have a more positive redox potential, to 
better match that of the sensitiser.
379
 Investigation of the alternative 
redox electrolyte systems that do not have these limitations is a 
current research direction in the DSSC field. Consequently alternative 
redox mediators have been investigated. Possible variations in DSSC 
redox mediators include
75
: 
 Ionic dyes with liquid electrolytes 
 Ionic liquids as electrolytes 
 Solid electrolytes 
 Co-sensitisers (7.4% is the highest conversion efficiency of a 
co-sensitised metal-free dye cell thus far
251
) 
 Gelification of the solvent
69,75 
 
 
Liquid electrolytes can also be replaced with solid hole conductors, 
such as in solid-state DSSCs (ss-DSSCs). This material is often made 
of semiconducting polymers (such as PEDOT or P3HT) or wide band 
gap small molecules (such as spiro-OMeTAD), and is capable of high 
voltages.
23
 These ss-DSSCs are advantageous in that they do not 
contain corrosive liquids.
104
  
 
Cobalt redox mediators are being investigated as another possible 
replacement for iodine. Cobalt complex redox mediators are non-
corrosive, easily modified, non-volatile and lightly coloured.
380
 They 
have also been investigated as photoredox catalysts, given their 
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similarity to vitamin B12 (a cobalt-containing vitamin).
381
 Some 
examples of cobalt mediators in use include: 
 Bis(2',4'-bishexyloxy)-[1,1'-biphenyl]-4-yl)amine has demon-
strated good compatibility with cobalt-based electrolytes and 
produces a high VOC.
102,130
 In the cobalt redox mediated cells 
made by Gao and co., the G220 sensitiser showed the best 
overall conversion efficiency of 9.06% (AM1.5).
130
 
 
 D-π-A sensitisers are now being used in conjunction with 
cobalt-based redox mediators. Thin TiO2 films can be used due 
to the D-π-A dye’s high molar absorptivity, which reduces 
material cost. The cobalt-based mediators increase the open-
circuit voltage (VOC).
102
  
 
 Sapp, et al., achieved a PCE of 1.30% (100 μW.cm
-2
) using 
cobalt mediators, which was comparable to the PCE achieved 
using iodine redox mediators (1.58%).
380
 
 
 A PCE of 4.2% (1000 W.m
-2
, AM1.5) was achieved using 
[Co(dbbip)2](ClO4)2 as a redox couple in a DSSC.
382
 
 
 Co
II
(dbbip)2
2+
 can be used as a redox shuttle.
381
  
 
However, Co
III
 mediators give poor results under full illumination, 
being better suited to low light intensity.
379-382  
 
 
Other redox mediators include ferrocene/ferrocienium
383
,  
disulphide/thiolate
384
, TEMPO/TEMPO
+379
, TMTU/[TMFDS]
2+385
 
and copper complexes
386
. 
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1.9 Different Semiconductors 
 
Many metal oxides have been trialled for use as semiconductors
68
: 
 TiO2
69,75
  
 ZnO
86,387,388
  
 SnO2
389
 
 NiO
75,390-395
  
 Nb2O5
69,387
  
 In2S3
396
  
 PbS
397
 
 CuInS2
398
 
 CdS
399
 
 Cu2-xS
400
 
 CdTe
401
 
 CdSe
402-405
  
 
TiO2 gives the highest efficiencies, is non-toxic, and stable.
69
 
 
In addition to chemical composition, the thickness of the metal oxide 
electrode will affect the photovoltaic properties of the cell.
96
 O’Regan 
and Grätzel reported a photovoltaic cell based on a 10 μm thick, 
optically transparent film of titanium dioxide.  The TiO2 particles 
were only a few nanometers in diameter and capable of being coated 
with a monolayer of dye for device construction.  The process is low 
cost, uses low to medium purity materials and gives an energy 
conversion efficiency which is commercially viable.
86
  The cell was 
stable (at least for 5 million turnovers without decomposition), gave 
large current densities (>12 mA.cm
-2
) and was of low cost.
86
 
 
Sunlight can be direct or diffuse. Diffuse light results from light 
scattering in the atmosphere. Although dependent on latitude and 
cloud coverage, the average fraction of diffuse light is ~15%.
69,406 
The 
rough surfaces of DSSCs make them better suited to diffuse light (as 
relative to flat surfaces) and also less affected by the movement off 
the Sun.
69
 It is also possible to put a protective coating on the metal 
oxide. Gregg and colleagues propose the use of poly(methylsiloxane) 
insulating films on the solvent exposed metal oxide surfaces to reduce 
charge recombination rates.
383
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1.10 Different Coating Methods 
 
Sensitisers are applied to semiconductor surfaces through a variety of 
methods, including
314
: 
 Spin coating 
 Drop casting 
 Electropolymerisation 
 Layer-by-layer assembly 
 Langmuir-Blodgett 
 
Film quality is generally better in polymeric BHJ devices than in 
small molecule solution processed BHJ devices.
127
  
 
Once a film is formed, one of the limitations of photosensitisers is the 
narrow range of light they can absorb. One approach to overcoming 
this is to combine a number of sensitising molecules which together 
cover a larger range of the light spectrum (co-sensitisation of a 
photoelectrode
270
). However, this also creates challenges through non-
aligned energy states and the synthetic pathways used.
358
  
 
If a particular dye tends to aggregate, a co-absorbent can be added 
that does not absorb light itself. An example of such a co-absorbent is 
chenodeoxycholic acid. When chenodeoxycholic acid is added as a 
co-adsorbent it takes up some of the surface area space, leaving less 
surface space for the dye. If the dye does not aggregate, then there is 
no need for chenodeoxycholic acid, giving more surface area to the 
dye and this should result in a higher efficiency.
376
 
 
Dyes can be physically connected to the semiconductor or can 
transfer electrons to it through space. To improve the amount of 
visible and infra-red light absorbed by dye sensitisers, and 
subsequently increase the short-circuit photocurrent density, Hardin 
and co. produced a cell layout which uses Förster resonance energy 
transfer through an energy relay dye rather than a direct physical 
connection between the dye and the titania.
407
 This relay dye absorbs 
high energy photons and then transfers this energy to the sensitiser via 
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Förster resonance energy transfer. This also reduces some of the 
limitations on the dyes used and increases dye loading. Using this set 
up with an energy relay dye and an organic sensitising dye, they were 
able to achieve a PCE increase of 26%. 
 
Most ultrafast excited state energy transfer and ground state hole-
hopping occurs via linker mediated through-band hopping. 
4,338 
This 
energy transfer can be affected by the site of attachment on the 
acceptor and linker, the steric interactions between the acceptor and 
the linker, and the characteristics of the acceptor molecular orbitals.  
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1.11 Characterisation of DSSCs 
 
Characterisation techniques of DSSCs include
69,39,134,357
: 
 
 Efficiency measurements 
→ I-V (current-voltage) 
→ IPCE (incident photon-to-current conversion efficiency) 
→ APCE (absorbed photon-to-current conversion efficiency) 
 
 Electrochemical measurements 
→ Cyclic voltammetry 
→ Differential pulse voltammetry 
→ Square wave voltammetry 
→ Electrochemical impedance spectroscopy 
→ Spectroelectrochemistry 
 
 Photoelectrochemical methods 
→ Electron transport measurements 
→ Electron lifetime measurements 
→ Electron concentration measurements 
→ Measurements of the Electron Quasi-Fermi Level 
→ Charge collection efficiency and diffusion length 
→ Photoinduced absorption spectroscopy 
 
All photons below 920 nm should be absorbed by the dye and used 
for charge separation, ideally absorbing between 400-920 nm.
68
 For 
solar cell efficiency experiments, the standard of AM1.5G (global) is 
used.
69
 The external variables which affect device performance 
include temperature, solar irradiation levels, and device operating 
conditions.
69
   
 
PCE is the cell’s energy output as a percentage of light energy input. 
Ideally, a dye will give a PCE of more than 10% (the barrier of 
commercial viability). The higher a dye’s PCE, the more efficiently it 
converts sunlight to electrical energy, and the better the dye is 
considered to be. PCE is affected by sensitising conditions (time, 
64 
 
solvent), the anchoring group, and spacer between the dye and the 
titanium dioxide.
105
 A DSSC will have a lower efficiency if the 
electron injection from the excited dye into the TiO2 conduction band 
is inefficient.
375
 Ultrafast transient absorption spectroscopy found that 
the nature of the spacer and the sensitiser conditions have a large 
effect on electron transfer rates.
105
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1.12 Literature Limitations and Project Aims 
 
The literature review presented here demonstrates the variety of 
organic materials that have been used for the fabrication of DSSCs 
and AP based on small organic molecules. Most of the organic 
materials have been developed on the basis of various structural 
modules, such as Donor-Acceptor (D-A) and Donor-spacer-Acceptor 
(D-π-A) molecules. Most of the materials have been designed 
aimlessly, the reported literature fails to provide any correlation 
between the various fragments of a particular molecule and how the 
optoelectronic properties are affected with the structural changes. 
There is no material development program based on a common 
structural ground. Furthermore, the reported literature lacks 
comparisons of structural change vs. the device behaviour, which is 
an essential feature for the design and development of new DSSC 
materials. 
 
Apart from the above mentioned problems, the literature-reported 
strategies provide limited solutions to creating some of the important 
features that are essential for a DSSC material. A few main features 
that are of utmost importance are listed below: 
 Stability of organic materials and hence the overall stability of 
the DSSC device 
 Solubility of organic materials, as the materials are processed 
using common organic solvents such as chloroform and 
dichlorobenzene  
 Broad absorption over the visible range, and possibly to near IR, 
for an efficient intramolecular charge transfer (ICT) 
 Comparative modular design examination for the generation of 
new materials with tuneable photo-physical properties, so that the 
materials can perform better than their previous analogues. 
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1.12.1 Overcoming the Literature Issues 
 
Diverse entities of small aromatic -conjugated functional molecules 
have attracted enormous research interest in light of their applications 
in optoelectronics. Weak molecular non-covalent forces such as 
interactions, van der Waals, and electrostatic interaction play a 
crucial role in the device fabrication strategy. In this regard, we plan 
to use newer small molecule targets, which include functionalities 
such as naphthalene diimides and porphyrins. These are used in 
conjugation with other donor and/or acceptor moieties for further 
development of material design in the emerging field of AP, as well 
as in DSSC devices.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
67 
 
1.13 Desired Outcomes 
 
For AP, the end global aim is to construct an entire system which 
duplicates photosynthesis as it occurs in nature. This would allow a 
more complete understanding of how photosynthesis works and 
would open up opportunities to capture solar energy in a usable, 
renewable, chemical form. 
 
The focus of this work was to generate a proton gradient across a 
bilipid membrane using an AP antenna of original design.  
 
Ideally, a solar cell would have an efficiency approaching the 
theoretical limit, to store as much energy as possible. One global goal 
is to produce a panchromatic, single molecule D-π-A sensitiser with a 
sufficiently high PCE that is not produced partly by the use of co-
sensitisation, tandem device configurations or energy-relay strategies 
(as devices using these techniques can be difficult to produce and 
optimise).
102,274
  
 
The aim of this work was to produce porphyrin and small molecule 
sensitisers, adding to the current library of synthesised sensitisers. 
 
The work covered in this thesis includes the synthesis of new solar 
cell dyes and artificial photosynthetic antenna, which add to the 
current knowledge of dye structure and light absorption efficiency. 
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1.14 Project Approach 
 
For achieving results based on the above mentioned research aims, we 
can define the project approach in the form of a flow chart (Figure 
1.19) that will help to elucidate the various steps for the set research 
goals, followed by Table 1.4, which will show the involvement of 
various people working on this project as part of my Ph. D. Please 
note that the Figure 1.19 and Table 1.4 are related to each other. 
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Designing of materials 
Figure 1.19: Work progress flow 
Theoretical energy level calculations for target molecules 
Characterisation of materials by means of spectroscopic techniques, such as 1HNMR, 
13CNMR, mass spectrometry, and their purity check via high-performance liquid 
chromatography (HPLC), whenever necessary 
 
Materials synthesis, isolation and 
purification 
Testing 
The materials were checked by (6.1) RMIT 
University for AP, (6.2) the University of 
Geneva for photophysical characterisation, 
and (6.3) CSIRO for DSSC performance. 
Optical and electrochemical characterisation 
5.1 Studying the optical and electrochemical properties of newly synthesised materials in solution and thin solid films to measure their 
absorption, molar extinction coefficient, fluorescence and energy levels 
5.2 Cyclic-voltammetry experiments in solution and/or in thin solid film to measure redox potentials of the target materials 
5.3 Calculating the energy levels by using cyclic-voltammetry data and/or using photoelectron spectroscopy at atmospheric pressure under 
air ((PESA), generally termed as AC-2 instrument) in film/powder form 
 
Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
Step 6 
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Table 1.4: Involvement of various people in this Ph. D. project 
 
Steps People involved Facility Remarks 
1 Melissa M. A. 
Kelson 
 
RMIT   
2 Ante Bilic CSIRO CSIRO Virtual 
Nanoscience 
Laboratory 
3 & 4 Melissa M. A. 
Kelson 
RMIT   
5 Lathe Jones, Eric 
Vauthey, Akhil 
Gupta 
RMIT, 
University of 
Geneva, CSIRO 
 
6.1 Melissa M. A. 
Kelson,  
RMIT, CSIRO AP performed in 
RMIT 
6.2 Diego 
Villamaina, Eric 
Vauthey, 
University of 
Geneva 
photophysical 
characterisation 
6.3 Vanessa Armel, 
Akhil Gupta  
 
CSIRO  DSSC device 
fabrication 
facility 
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1.14.1 Project Aim 1 
 
Natural photosynthetic systems harvest solar energy via converting 
sunlight into a usable form of chemical energy, a synthetic version 
offers an attractive energy source. If large arrays of light harvesters 
could be economically produced, so as to offset the initial loss of 
efficiency in light collection, organic solar cells could be of critical 
importance to the long-term and sustainable energy future.  
 
Our aims are to develop molecular devices composed of naphthalene 
diimides and porphyrins, using a supramolecular self-assembly 
approach, with which to study 
energy transduction. By 
synthesising novel donor 
(push)-acceptor (pull) 
derivatives, bearing core-
substituted naphthalene 
diimides (c-NDIs) and 
porphyrin dyads, their 
incorporation within lipid-
bilayer membranes (Figure 
1.20), and the conduction of 
photophysical studies thereon, 
simplified artificial 
photosynthetic (AP) systems 
can be created. These AP 
systems will provide an 
intellectual grounding for the 
assembly of more complex 
arrays based on biological 
building blocks.  
 
Some of the most challenging 
targets for chemists are the 
design of efficient, viable, 
environmentally-sustainable, AP systems that resemble the concepts 
within nature. The biological relevance of porphyrins and their 
Figure 1.20: A simple donor-
acceptor dyad system for 
mimicking the photosynthetic 
apparatus by transporting electrons 
across a lipid bilayer 
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favourable properties as natural chromophores have made them 
attractive molecular component candidates. 
However, they have so far only been explored in an energy acceptor 
capacity. The functionalisation and donor-acceptor pairing of 
porphyrin scaffolds will therefore be explored in detail in this project.  
 
The chosen building blocks of this proposal, naphthalene diimides 
(NDIs) and porphyrins, both possess outstanding thermal and 
photophysical stability, and are available over a broad colour range, 
based on the nature of functional substituents and the choice of core 
metal in the latter. 
 
Porphyrins have rigid molecular architectures, but are extremely 
versatile owing to the ease of functionalisation of the scaffold, and 
hence their supramolecular organisation potential and optical spectra 
can be readily tuned. NDIs are also considered as ideal modules for 
the creation of supramolecular functional materials. They are 
compact, organisable, colourable and functionalisable organic n-
semiconductors, with broad light harvesting ability and intense near-
IR absorption between 500-780 nm. 
 
 
 
1.14.2 Project aim 2 
 
Within the scope of this research, the overall aim is to systematically 
examine the effects of changing the nature of the acceptor, donor or 
central π-bridge functionalities in donor-π-bridge-acceptor designed 
small organic materials for DSSC applications.  
 
The rationale behind designing the materials for solar cell applications 
is to investigate and modify the D-π-A designed organic materials by 
introducing new acceptors, such as aromatic cyanopyridone acceptor, 
or central π-spacers to alter the optoelectronic and photovoltaic 
properties. We aim to improve the performance of small molecule 
organic materials through donor–acceptor design that shows charge 
transfer transition.408 This can enhance the absorption profile and 
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results in an energy band-gap reduction. The use of aromatisable 
acceptors and electron-donating amines is a common strategy in non-
linear dye design409,410 and provides large red shifts compared to 
conventional acceptors like dicyanovinylidene.  
The use of different acceptors and/or spacers can further help to 
enhance the solubility and stability of organic materials to be used for 
BHJ applications. The donor part will be either triphenylamine or its 
subsequent derivatives. 
 
The rationale behind designing the materials for DSSC applications is 
to investigate and modify the D-π-bridge-A designed organic 
materials by including the structural variations in acceptor 
functionality and the central π-spacer (Figure 1.21). The acceptor unit 
of DSSC sensitisers contains a carboxylic acid group, which is 
required for its binding to a titania surface. The necessary presence of 
this acid group limits the available choice of potential acceptor 
functionalities. However, a new acceptor functionality carrying 
carboxylic acid group will be examined by changing the conventional 
acceptor (in a donor–acceptor design). The donor part and the central 
π-bridge are more amenable for the structural change of an organic 
DSSC dye. For the modified DSSC design, the spectral red shift may 
be observed through the theoretical density functional theory 
calculations and may provide superior light-harvesting, improved 
conversion efficiency and broader IPCE. 
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Figure 1.21 shows the materials investigated in the project aim 2 for 
DSSC applications. The triphenylamine donor and model acceptor 
synthon i.e. cyanopyridone, were kept constant in all the studied 
materials. Two different central cores, fused and bridged thiophenes, 
were used as π-spacers and compared with the bithiophene analogue 
reported in literature. The fused and bridged thiophene π-spacers have 
been used in conjugated polymers for OPV applications. Here they 
were evaluated against a standard bithiophene linker for their effect in 
small molecular D-π-A system for DSSC applications.  
 
 
 
 
 
Figure 1.21: Reference and modified designs based on donor–
acceptor motifs to be studied for OPV applications 
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Chapter 2 
 
 
 
A simple zinc-porphyrin-NDI dyad system generates a light 
energy to proton potential across a lipid membrane 
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Experimental Part 
Table S1.  Analysis of Voltammetric data and electrochemical band 
gap. 
Ered,3 Ered,2 Ered,1 Compound Eox,1 Eox,2 
red1ox1 
HOMO-LUMO 
Eg (V) 
  -1.89 ZnTPP 0.30 0.61 2.19 V 
-1.68 -1.34 -0.92 1 0.53 0.75 1.45 V 
-1.79 -1.47 -1.11 2 0.5a 1.06 1.61 V 
 -1.58 -1.16 NDI >1.23b  i 
i
  oxidation peak irreversible; a overlapping reversible peaks; b 
overlapping irreversible peaks.  
 
Figure S1 Schematic of Electrochemical HOMO-LUMO band gap  
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UV-vis absorption Spectroscopy 
 
Figure S2 UV-vis absorption of derivatives 1 and 2 
 
Figure 3 | Effect of membrane potential on the activity of dyad 1 
and 2 in the presence of valinomycin. (a) Change in fluorescent 
intensity of vesicle-entrapped HPTS as a function of time (em  = 510 
nm, ex = 450 nm) after the addition of 10 nM of valinomycin and/or 
3 M of dyad 1 or 2 with internal pH 7.0 and external pH 7.4; 100 
mM NaCl or KCl, 1 mM KnH3-nPO4 buffer; Curve (A) dyad 1 with 
valinomycin, external 100 mM KCl, internal 100 mM NaCl + 0.05 
mM KCl, (B) dyad 1 with valinomycin, external and internal KCl, (C) 
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1 without valinomycin, external and internal KCl, (D) only 
valinomycin without dyad, external and internal KCl (similar result 
obtained with external KCl, internal 100 mM NaCl + 0.05 mM KCl), 
(E) Dyad 2 with Valinomycin, external and internal KCl (similar 
results obtained with KCl, internal NaCl + 0.05 mM KCl) and (F) 1 
with valinomycin, external NaCl + 0.05 mM KCl and internal KCl. 
(b) Schematic illustration of the membrane transport shown in curve 
B. Membrane potential was quenched at the end of each experiment 
by addition of 20 L of a 1 mM solution of gramicidin A.  
 
 
Figure S4 | Light-driven electron transfer across a membrane to 
drive pH linked redox chemistry. Excitation spectra for emission at 
510 nm of HPTS inside the lipid as a function of irradiation (ex = 
430 nm) for 30 min in EYPC-LUVs functionalised with Quinone and 
HPTS internally: ∼1.3 mM EYPC ⊃ 1 mM HPTS, 10 mM Q, 100 
mM KCl, pH 7.0; outside: 1 mM KnH3-nPO4, 100 mM KCl, pH 7.0. 
Change in the HPTS excitation ratio I455/I405 (em = 510 nm) as a 
function of irradiation time (0-30 min) in the presence of dyad 1 (3 
M) with irradiation at 430 nm: curve (A) upon addition of dyad 1 in 
liposome at 0 min, and (B) liposomes prepared with dyad 1 and kept 
for 3 h in the dark before irradiation. Gramicidin A was added at the 
end of the experiments, resulting in the collapse of the light-induced 
pH gradient.  
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Figure S5 | Photosynthetic activity of dyad 1, studied by monitoring 
the internal pH of liposomes. (a) Excitation spectra of HPTS after 
irradiation of dyad 1 (3 M) at 430 nm in the presence of internal 
EYPC-LUVs  ⊃ HPTS and external EDTA for 0 to 30 min 
(condition: EYPC-LUVs functionalised with Quinone and HPTS 
internally: ∼1.3 mM EYPC ⊃ 1 mM HPTS, 10 mM Q, 100 mM KCl, 
pH 7.0; outside: 1 mM KnH3-nPO4, 100 mM KCl, pH 7.0), (b) 
calibration curve correlating pH and the intensity ratio of 455 and 4.5 
nm.  
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Figure S6 | Absorption spectrum (black dotted curve) and 
photocurrent action spectrum (open circles) for electrode 
ITO/SnO2/Dyad 1. 
Synthesis of Target Zinc-Porphyrin-bithiophene-NDI (1) 
Scheme 1. 
Preparation of 5'-(tributylstannyl)-[2,2'-bithiophene]-5-carbaldehyde 
(3): This compound was prepared by reacting 5'-iodo-[2,2'-
bithiophene]-5-carbaldehyde (1.65 g, 5.18 mmol), bis-(tributyltin) 
(6.16 ml, 12.20 mmol) and Pd(PPh3)4 (1.03 g, 0.897 mmol) in toluene 
(259 mL) at reflux under a nitrogen atmosphere for 48 hours. The 
mixture was then filtered through a plug of silica, eluting with 9:2 
ethyl acetate: ethanol and used without further purification.   
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Synthesis of N,N’-bis(octyl)-2-bromo-1,4,5,8naphthalenetetra 
carboxylic acid diimide (5): This compound was prepared in two 
steps following a known literature method.S3 Typically 
tribromoisocyanuric acid (5.56 g, 19.4 mmol) in sulphuric acid (conc., 
30mL) was added to naphthalenetetracarboxylic dianhydride (10.07 g, 
20.51 mmol) in sulphuric acid (conc., 30mL) and stirred overnight at 
130 °C. The resulting mixture was poured over crushed ice, the 
precipitate was filtered, washed with water and methanol and dried 
under vacuum to give quantitative yield of a 2-bromo-1,4,5,8-
naphthalenetetracaboxylic dianhydride. Further, N,N’-bis(octyl)-2-
bromo-1,4,5,8-naphthalenetetracarboxylic acid diimide (5) was 
prepared by stirring 2-bromo-1,4,5,8-naphthalenetetracaboxylic 
dianhydride (6.57 g, 11.53 mmol) and n-octylamine (9.2 mL, 55.66 
mmol) in acetic acid (450 mL), at 130 °C for one hour. The mixture 
was then poured over ice and the precipitate separated by column 
chromatography (dichloromethane) to give a yellowish solid with a 
yield of 82.5%. No fluorescence output, all spectroscopic data 
matches with literature values.S2 
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Synthesis of 5'-(2,7-dioctyl-1,3,6,8-tetraoxo-1,2,3,6,7,8-hexahydro 
benzo[lmn][3,8]phenanthrolin-4-yl)-[2,2'-bithiophene]-5-
carbaldehyde (6): This compound was prepared by reacting 5'-
(tributylstannyl)-[2,2'-bithiophene]-5-carbaldehyde 4 (1.50 g, 3.13 
mmol), N,N’-bis(octyl)-2-bromo-1,4,5,8-naphthalenetetracarboxylic 
acid diimide 5 (1.59 g, 2.65 mmol), CuI (93.0 mg, 0.48 mmol) and 
Pd(PPh3)4 (100 mg, 0.0865 mmol) in toluene (50 mL) at 90 °C under 
a nitrogen atmosphere for 3h. The resulting mixture was separated by 
column chromatography (3:1 hexane: ethyl acetate) to yield 0.31 , 
(0.46 mmol) of 6. Mp > 300 °C. 1H NMR (CDCl3, 300 MHz) δ 9.87 
(s, 1H), 8.87-8.69 (m, 2H), 8.56 (s, 1H), 7.63-7.62 (d, J = 8.7 Hz, 1H), 
7.36-7.35 (d, J = 8.6 Hz, 1H), 7.26-7.25 (d, J = 8.7 Hz, 1H), 7.17-7.15 
(d, J = 9.0 Hz, 1H), 4.10-3.96 (m, 4H), 1.65-1.58 (m, 4H), 1.28-1.19 
(m, 20), 0.83-0.77 (t, J = 7.2 Hz, 6H); 13C NMR (CDCl3, 125 MHz) δ 
181.6, 161.8, 161.5, 161.4, 145.2, 141.8, 141.5, 137.2, 136.5, 134.6, 
132.2, 120.1, 129.9, 128.8, 126.0, 125.3, 124.0, 40.2, 40.1, 31.0, 28.5, 
27.8, 26.3, 21.8, 13.0; FT-IR (KBr, Cm-1) v 3334, 3329, 2987, 2969, 
2877, 1716, 1666, 1507, 1481, 1434, 1341, 1287, 1173, 1157, 914, 
793, 837. HRMS (ESI): calcd. for C39H42N2O5S2: m/z 682.8940; 
found 682.8936; Elemental analysis calcd (%) for C39H42N2O5S2: C, 
68.59; H, 6.20; N, 4.10; found C, 68.56; H, 6.16; N, 4.08. 
 
Synthesis of 2,2'-((3,5-bis(octyloxy)phenyl)methylene)bis(1H-
pyrrole) (8) 
Scheme 2. 
C8H17O OC8H17
NH HN
N
H
C8H17O OC8H17
O H
+
TFA, 15 min, rt
7
8
 
This compound was prepared following a literature procedure.S4 
Typically, a solution of 3,5-bis(octyloxy)benzaldehyde (2.01 g, 5.5 
mmol) and pyrrole (15.45 mL, 22.3 mmol) was degassed by bubbling 
with nitrogen for 10 min, then trifluoroacetic acid (44.1 µL, 0.26 
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µmol) was added. The solution was stirred in the dark for 15 min at 
room temperature, at which point complete consumption of the 
aldehyde was shown by TLC analysis (hexane/ethyl 
acetate/triethylamine = 80/20/l). Upon completion, the reaction 
mixture was extracted with ethyl acetate (200 mL) and then washed 
with 0.1 N aq NaOH, followed by water and dried over Na2SO4. The 
solvent was removed under reduced pressure and then the unreacted 
pyrrole was recovered by vacuum distillation at room temperature. 
The resulting yellow amorphous solid was dissolved in a minimal 
quantity of the eluant and was purified by flash chromatography on 
silica gel eluting with hexane/ethyl acetate/triethylamine = 80/20/l, 
gives 47% yield of 8. Mp = 98-100 oC; 1H NMR (CDCl3, 300 MHz) δ 
8.89 (br, 2H), 6.65 (s, 2H), 6.27 (m, 2H), 6.25 (m, 1H), 6.11 (m, 2H), 
5.89 (m, 2H), 5.34 (m, 1H); 4.05 (m, 4H), 1.78 (m, 4H), 1.45 (m, 4H), 
1.31-1.26 (m, 16H), 0.88 (t, J = 7.2 Hz, 6H); 13C NMR (CDCl3, 125 
MHz) δ 160.5, 144.7, 132.6, 117.7, 108.5, 106,8, 100.1, 68.9, 44.3, 
32.1, 29.8, 26.8, 25.4, 22.8, 22.6,14.2; HRMS (ESI): calcd. for 
C31H46N2O2: m/z 478.7210; found 478.7213; Elemental analysis calcd 
(%) for C31H46N2O2: C, 77.78.59; H, 9.69; N, 5.89; found C, 77.72; H, 
9.66; N, 5.88. 
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Scheme 3. 
 
 
Zinc-Porphyrin-bithiophene-NDI (1): 5'-(2,7-dioctyl-1,3,6,8-
tetraoxo-1,2,3,6,7,8-hexahy-drobenzo[lmn][3,8]phenanthrolin-4-yl)-
[2,2'-bithiophene]-5-carbaldehyde 6 (1.14 g, 1.7 mmol) and 2,2'-((3,5-
bis(octyloxy)phenyl) methylene)-bis(1H-pyrrole) 7 (0.77 g, 1.6 
mmol) in chloroform (200 mL) was degased under a nitrogen 
atmosphere, stirred for 30 minutes then Bf3.(OEt)2 (141.5 µL, 0.69 
µmol) was added and the mixture stirred for additional 1h at room 
temperature. Finally DDQ (479.5 mg, 2.1 mmol) was added and 
reaction mixture stirred for additional 1h at room temperature in open 
air. After completion 1/3 of the solvent was removed on a rotary 
evaporator then zinc acetate (500 mg, 2.3 mmol) in methanol (5 mL) 
was added and reaction mixture stirred overnight, at 50°C, under a 
nitrogen atmosphere. The solvent was removed and the residue 
purified by column chromatography (3:1 chloroform:hexane), 
followed by preparative thin layer chromatography on silica gel 
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(chloroform, 1% MeOH) to give a 66% yield of zinc-porphyrin-
bisthiophene-NDI 1 (0.037 g, 0.018mmol). 1H NMR (CDCl3, 300 
MHz) δ 8.95-8.85 (m, 3H). 8.76-8.74 (m, 2H), 8.16-8.14 (m, 6H), 
7.89-7.87(m, 2H), 7.69-7.62 (m, 7H), 7.48 (d, J = 8.7 Hz, 1H), 7.31 
(d, J = 8.6 Hz, 1H), 7.19 (d, J = 8.7 Hz, 1H), 6.99 (d, J = 9.0 Hz, 1H), 
4.23-3.99 (m, 16H), 1.89-1.67 (m, 16H), 1.45-1.01 (m, 80H), 0.89-
0.69 (m, 24H); 13C NMR (CDCl3, 125 MHz) δ 162.6, 162.4, 162.0, 
158.2, 150.9, 150.3, 150.0, 149.9, 144.3, 143.6, 140.6, 140.0, 138.8, 
136.0, 134.3, 132.5, 132.2, 131.4, 127.8, 126.5, 125.1, 122.9, 121.9, 
121.5, 114.2, 110.8, 101.1, 68.4, 31.8, 30.9, 29.4, 29.2, 26.1, 22.6, 
14.0; FT-IR (KBr, Cm-1) v 3392, 3329, 2967, 2878, 1716, 1667, 1545, 
1422, 1412, 1389, 1287, 1173, 1157, 1013, 918, 791, 854; HRMS 
(ESI): calcd. for C124H160N6O10S2Zn: m/z 2024.1760; found 
2024.1756; Maldi mass: found 2024.1756.   
 
Synthesis of Target molecule (2) 
Preparation of 5-(4-Aminophenyl)-10,15,20-triphenylporphyrin (9) 
Scheme S4 
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Amino-tetraphenylporphyrin was prepared following a literature 
procedure in two steps:S5 firstly nitration of 5,10,15,20-
tetraphenylporphyrin (500 mg) with NaNO2 (1.8 equiv) in TFA (27 
mL) by stirring for 3 minutes at room temperature, then the reaction 
was quenched with water (100 mL) and the mixture extracted with 
chloroform (100 mL). The organic layers were washed once with 
saturated aqueous NaHCO3, then washed once with brine, and dried 
over anhydrous Na2SO4. Nitro-porphyrin was purified by column 
chromatography eluting with chloroform to give 425 mg of 5-(4-
nitrophenyl)-10,15,20-triphenylporphyrin as a yellowish solid. The 
reduction of meso-(4-nitrophenyl) phenylporphyrin was carried out by 
tin chloride. Typically, 400 mg of mono-nitro porphyrin was 
dissolved in hydrochloric acid (10 mL) then tin(II) chloride (1M) was 
added over 15 minutes. The final mixture was heated to 65 oC for 1 h 
under argon. Completion of the reactions wa confirmed by TLC, 
water was added then the aqueous solution was neutralized with 
ammonium hydroxide until the pH was 8. The aqueous solution was 
extracted with chloroform (4x100 mL). The organic layer was then 
concentrated under vacuum and the residue purified on a plug of silica 
gel using chloroform as an elution gives 184 mg of compound 9. The 
spectroscopic characterisation of 9 is in good agreement with those in 
the literature.S4 1H NMR (CDCl3)  ppm: -2.75 (br, 2H), 4.03 (s, 2H), 
7.08 (d, J = 8.9 Hz, 2H), 7.76 (m, 9H), 7.98 (d, J = 8.9 Hz, 2H), 8.21 
(m, 6H), 8.85 (s, 6H), 8.96 (s, 2H).  
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Preparation of Porphyrin-NH-NDI (2) 
Scheme S4 
95
N
N N
N
N
H
N
NO O
OO
C8H17
C8H17
+
DMF, 65 oC,
12 h
M
M = 2H
M = Zn
10
2
Zn(OAc)2.2H2O
CHCl3/MeOH
(10:1, v/v)
 
The amino porphyrin 9 (150 mg, 0.22 mmol) was dissolved in 
dimethylformaldehyde (15 mL) and N,N’-bis(octyl)-2-bromo-1,4,5,8-
naphthalenetetracarboxylic acid diimide 5 (190 mg, 0.34 mmol) was 
added and the reaction mixture stirred overnight at 65 °C, under a 
nitrogen atmosphere. The mixture was extracted with diethyl ether, 
washed with water and columned in ether to give reddish solid of 10 
with a yield of 67%. After confirmation with 1H NMR spectroscopy 
(1H NMR (CDCl3, 300 MHz) δ 12.45 (s, 1H), 9.23 (d, J = 8.6 Hz, 
2H), 8.97-8.78 (m, 3H), 8.34 (d, J = 8.7 Hz, 2H), 8.23-8.15 (m, 6H), 
7.93-7.61 (m, 12H), 7.45-7.35 (m, 3H), 4.55-4.29 (, m, 4H), 2.09-1.98 
(m, 4H), 1.73-1.29 (m, 20H), 1.03-0.88 (m, 6H), -2.69 (s, 2H). Above 
solid of 10 (97.8 mg) was taken into chloroform (20 mL) and zinc 
acetate (500 mg, 2.3 mmol) was added by dissolving in methanol (2 
mL) and further reaction mixture was stirred overnight at 50°C under 
a nitrogen atmosphere. After completion of the reaction, the solvent 
was removed and the residue purified by column chromatography 
(chloroform:hexane, 3:1) gives porphyrin-NH-NDI (2) in 66% yield. 
1H NMR (CDCl3, 300 MHz) δ 12.48 (s, 1H), 9.29 (d, J = 8.6 Hz, 2H), 
8.90-8.76 (m, 3H), 8.31 (d, J = 8.7 Hz, 2H), 8.23-8.12 (m, 6H), 7.93-
7.61 (m, 12H), 7.46-7.34 (m, 3H), 4.55-4.29 (, m, 4H), 2.09-1.98 (m, 
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4H), 1.73-1.29 (m, 20H), 1.03-0.88 (m, 6H); FT-IR (KBr, Cm-1) v 
3392, 3329, 2967, 2878, 1716, 1667, 1545, 1422, 1412, 1389, 1287, 
1173, 1157, 1013, 918, 791, 854; HRMS (ESI): calcd. for 
C74H65N7O4Zn: m/z 1181.7590; found 1181.7587. Elemental Analysis 
for C74H65N7O4Zn: calcd. C, 75.21; H, 5.54; N, 8.30; found C, 75.18; 
H, 5.49; N, 8.25. 
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Figure S7 | 1H NMR spectrum of compound 9 
 
Figure S8 | 13C NMR spectrum of compound 9 
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Figure S9 | HRMS (Maldi mass) spectrum of compound 1 
 
 
Figure 10 | HRMS (ESI) spectra of target molecules (1 and 2) 
 
 
 
Figure S11 | FTIR (KBr, Cm-1) spectra of compound 1 and 2 
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Figure S12 | 1H NMR spectrum of compound 1 
 
 
Figure S13 | 13C NMR spectrum of compound 1 
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Figure S14 | 1H NMR spectrum of compound 2 
 
 
Figure S15 | 1H NMR spectrum of compound 10 
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Chapter 3 
 
 
 
Excitation wavelength dependence of the charge separation 
pathways in tetraporphyrinnaphthalene diimide pentads 
 
 
 
 
Journal article published in Phys. Chem. Chem. Phys., 2014, 16, 
5188-5200 presented as Chapter 3. 
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Experimental details 
Synthesis of arrays 1 and 2 
Naphthalenetetracarboxy dianhydride, octylamine, acetic acid  
(AcOH), pyrrole, benzaldehyde, boron trifluoride etherate 
(BF3•O(Et)2), 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), 
bromine (Br2), dimethyl formamide (DMF), toluene, chloroform 
(CHCl3), chloroform-d (CDCl3), methanol (MeOH) and 
dichloromethane (DCM), zinc acetate (Zn(OAc)2.2H2O) were 
purchased from Aldrich and used without purification, unless 
otherwise specified. UV-vis absorption spectra were recorded on a 
Cary-50 UV-Vis spectrophotometer. 1H NMR, 13C-NMR spectra were 
recorded on a Bruker spectrometer using CDCl3 as solvent and 
tetramethylsilane (TMS) as an internal standard. The solvents for 
spectroscopic studies were of spectroscopic grade and used as without 
further purification. 
 
1) Preparation of 2,3,6,7-tetrabromo-dioctyl-naphthalene diimide 
(4): 
 
Compound 4 was prepared following literature procedure starting 
from naphthalene dianhydride (NDA) in three steps:S5 1) the 
preparation of 2,3,6,7-tetrabromonaphthalene dianhydride (Br4NDA) 
by treatment of NDA with Br2 (5.3 equiv) in a mixture of sulfuric acid 
and oleum (v:v, 4:1) at 140 °C with 96% yields; 2) the reaction of 
Br4NDA with octyl amine in acetic acid; 3) the reaction of the 
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intermediate with excess PBr3 in refluxing toluene for 12 h giving 4 in 
31.4% yield. All spectroscopic data match literature.S1 
 
2) Preparation of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin 
(5): 
 
 
Compound 5 was prepared in two steps following literature:S6 1) 
nitration of 5,10,15,20-tetraphenylporphyrin (100 mg) with NaNO2 
(1.8 equiv)
 
in TFA (5.5 mL) stirred for 3 minutes at room 
temperature; 2) quenching of the reaction with water (100 mL) and 
extraction with chloroform (25 mL). The organic layers were washed 
once with saturated aqueous NaHCO3 and followed by washing once 
with brine, and dried over anhydrous Na2SO4. Nitro-porphyrin was 
purified by column chromatography eluting with chloroform giving 
85 mg of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin as a 
yellowish solid. The reduction of meso-(4-
nitrophenyl)phenylporphyrin was carried out by tin chloride. 
Typically, 50 mg of mono-nitro porphyrin was dissolved in 
hydrochloric acid (10 mL) then Sn(II)Cl2 (200 mg) was added over 15 
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minutes. The final mixture was heated to 65 oC for 1 h under argon. 
Completion of the reactions was confirmed by TLC, water was added, 
and the aqueous solution was then neutralized with ammonium 
hydroxide until pH 8. The aqueous solution was extracted with 
chloroform (4x50mL). The organic layer was then concentrated under 
vacuum and the residue purified on a plug of silica gel using 
chloroform as an eluent to give 23 mg of compound 5. The 
spectroscopic characterisation of 5 is in good agreement with 
literature. S2  1H NMR (CDCl3)  ppm: -2.75 (br, 2H), 4.02 (s, 2H), 
7.07 (d, J = 8.9 Hz, 2H), 7.75 (m, 9H), 7.98 (d, J = 8.9 Hz, 2H), 8.20 
(m, 6H), 8.84 (s, 6H), 8.96 (s, 2H). Anal. Calcd for C44H31N5: C, 
83.92; H, 4.96; N, 11.12. Found: C, 83.87; H, 4.95; N, 10.98. Maldi 
(mass) m/z for C44H31N5 629.7670 (calc.), 629.7589.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
162 
 
3) Synthesis of Fb(TPP)4NDI (2): 
 
A mixture of 2,3,6,7-tetrabromo-dioctyl-naphthalene diimide 4 (50 
mg, 6.20x10-5 M) and 5-(4-Aminophenyl)-10,15,20-triphenyl-
porphyrin 5 (187 mg, 2.9x10-4 M) in  dry DMF (2.5 mL) was heated 
at 135 oC for 12 h, and the completion of the reaction was monitored 
by TLC. After completion, DMF was evaporated and the residual was 
purified by column chromatography on a flash silica column, eluted 
with chloroform. 2 (85 mg, 45%) was obtained as dark purple 
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crystals. Mp > 300 °C. 1H NMR (CDCl3, 400 MHz) δ 12.47 (s, 4H, 
core-NH), 9.24-9.23 (d, J = 9.0 Hz, 8H, b-pyrrolic), 8.90-8.89 (d, J = 
8.7 Hz, 8H,  b-pyrrolic), 8.87-8.86 (d, J = 8.7 Hz, 8H, b-pyrrolic), 
8.81-8.80 (d, J = 9.0 Hz, 8H, b-pyrrolic), 8.27-8.25 (d, J = 7.6 Hz, 
8H), 8.19-8.17 (d, J = 7.6 Hz, 8H), 8.08 (br, 16H), 7.77-7.69 (m, 
12H), 7.55-7.51 (br, 24H), 7.47-7.45 (d, J = 8.2 Hz, 8H),  4.51-4.48 (t, 
J = 8.2 Hz, 4H), 1.68-1.63 (m, 4H), 1.39-1.25 (m, 20), 0.90-0.88 (t, J 
= 7.2 Hz, 6H), -2.89 (br, s, 8H, NH, porphyrin core). 13C NMR 
(CDCl3, 125 MHz) δ 166.22, 150.46, 150.20, 150.18, 150. 15, 142.81, 
142.69, 138.94, 134.38, 134.27, 132.02, 131.92, 131.47, 127.30, 
126.51, 126.37, 124.46, 121.10, 121.05, 120.98, 118.71, 41.31, 
131.92, 31.86, 29.69, 29.65, 29.41, 29.19, 22.68, 22.65, 14.09. FT-IR 
(KBr, Cm-1) v 3389, 3331, 2987, 2969, 2878, 1714, 1665, 1507, 1483, 
1438, 1374, 1287, 1173, 1157, 1013, 918, 791, 854. HRMS (ESI): 
calcd. for C206H154N22O4: m/z 3001.5720; found 3001.5721. 
Elemental analysis calcd (%) for C206H154N22O4: C, 82.43; H, 5.17; N, 
10.27; found C, 82.38; H, 5.04; N, 10.18.  
 
4) Synthesis of Fb(TPP)4NDI (2): 
 
To a solution of Fb(TPP)4NDI (2) (50 mg) in CHCl3 (10 mL), 
Zn(OAc)2.2H2O (80 mg, excess) dissolved in MeOH (1 mL) was 
added. The mixture was stirred overnight at room temperature. The 
mixture was then washed with water and dried over anhydrous 
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sodium sulfate. The compound was purified over a silica gel column 
using CHCl3 as the eluent and 51 mg of 1 as purple solid were 
obtained (94% yield). Mp > 300 °C; 1H NMR (CDCl3, 400 MHz) δ 
12.46 (s, 4H, core-NH), 9.23-9.22 (d, J = 9.0 Hz, 8H, b-pyrrolic), 
8.89-8.87 (d, J = 8.7 Hz, 8H,  b-pyrrolic), 8.86-8.85 (d, J = 8.7 Hz, 
8H, b-pyrrolic), 8.82-8.80 (d, J = 9.0 Hz, 8H, b-pyrrolic), 8.27-8.25 
(d, J = 7.6 Hz, 8H), 8.19-8.18 (d, J = 7.6 Hz, 8H), 8.09 (br, 16H), 
7.76-7.71 (m, 12H), 7.69-7.55 (br, 24H), 7.46-7.44 (d, J = 8.2 Hz, 
8H),  4.49-4.46 (t, J = 8.2 Hz, 4H), 1.66-1.62 (m, 4H), 1.37-1.18 (m, 
20), 0.89-0.88 (t, J = 7.2 Hz, 6H). 13C NMR (CDCl3, 125 MHz) δ 
166.21, 150.44, 150.16, 150.13, 142.89, 142.77, 138.92, 137.87, 
134.41, 134.29, 131.87, 127.27, 126.48, 126.35, 121.03, 120.98, 
120.92, 119.49, 118.68, 109.31, 31.86, 29.69, 29.60, 29.47, 29.42, 
27.55, 22.64, 14.09. FT-IR (KBr, Cm-1) v 3393, 3329, 2978, 2965, 
2873, 1717, 1666, 1503, 1481, 1441, 1378, 1287, 1178, 1152, 1019, 
913, 797, 855. HRMS (ESI): calcd. for C206H146N22O4Zn4: m/z 
3255.0284; found 3255.0173. Elemental analysis calcd (%)for 
C206H146N22O4Zn4: C, 76.01; H, 4.52; N, 9.47; found C, 75.98; H, 
4.49; N, 9.34. 
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5) Detailed characterisation of 1 and 2: 
 
δ 12.47 (s, 4H, core-NH), 9.24-9.23 (d, J = 9.0 Hz, 8H, b-pyrrolic-b), 
8.90-8.89 (d, J = 8.7 Hz, 8H,  b-pyrrolic, d), 8.87-8.86 (d, J = 8.7 Hz, 
8H, b-pyrrolic, e), 8.81-8.80 (d, J = 9.0 Hz, 8H, b-pyrrolic, c), 8.27-
8.25 (d, J = 7.6 Hz, 8H, f), 8.19-8.17 (d, J = 7.6 Hz, 8H, k), 8.08 (br, 
16H, g), 7.77-7.69 (m, 12H, h), 7.55-7.51 (br, 24H, j), 7.47-7.45 (d, J 
= 8.2 Hz, 8H, i),  4.51-4.48 (t, J = 8.2 Hz, 4H, l), 1.68-1.63 (m, 4H, 
m), 1.39-1.25 (m, 20, o), 0.88-0.84 (t, J = 7.2 Hz 6H, n), -2.89 (br, s, 
8H, NH, porphyrin core) 
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1H NMR of Fb(TPP)4NDI (2): 
 
 
13C NMR of Fb(TPP)4NDI (2): 
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HRMS of Fb(TPP)4NDI (2): 
 
1H NMR of Zn(TPP)4NDI (1): 
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13C NMR of Zn(TPP)4NDI (1): 
 
 
HRMS of Zn(TPP)4NDI (1): 
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Figure S1: A) time profiles of the fluorescence intensity measured at 
several wavelengths upon LB←S0 excitation of 1 in toluene and best 
fit from a global multiexponential analysis (solid lines); B) 
reconstructed time-resolved emission spectra. 
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Figure S2: (A-C) transient absorption spectra measured at several 
time delays after LB←S0 excitation of 2 in toluene, and (D) decay-
associated difference spectra obtained from a global multiexponential 
analysis. 
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Figure S3: (A-C) transient absorption spectra measured at several 
time delays after LB←S0 excitation of 2 in benzonitrile, and (D) 
decay-associated difference spectra obtained from a global 
multiexponential analysis. 
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Figure S4: (A-C) transient absorption spectra measured at several 
time delays after S1←S0 excitation of 2 in toluene, and (D) decay-
associated difference spectra obtained from a global multiexponential 
analysis. 
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Calculation of the excitation energy hopping (EEH) rate constants 
According to Förster theory, the EET rate constant, in ps-1, can be 
expressed as: 
 kEEH (T ) = 1.18(ps-1cm) ⋅ Vdd
2 Θ      (S1) 
where Vdd is the interaction energy between the transition dipole 
moments of the energy donor and acceptor and Θ is the spectral 
overlap integral, obtained from the area-normalized emission and 
absorption bands of the donor and acceptor, respectively, represented 
on a wavenumber scale. 
 
The dipole-dipole energy, Vdd, in cm-1 between two chromophores 
with a transition dipole, 
 
rµd and  
rµa  (in D), where d and a are the energy 
donor and acceptor, respectively, at a distance 
 
r
rda = rda  (in nm) can be 
calculated as: 
   
 
Vdd = 5.04
rµd
rµd fL2
εoprda
3 κ     (S2) 
where
  
εop  n
2is the dielectric constant at optical frequencies, n is the 
refractive index, fL = εop + 2( ) 3 the Lorentz local field correction factor, 
and κ the orientational factor: 
  κ = cosβda − 3cosβd cosβa      (S3) 
with βda , the angle between  
rµd
 
and 
 
rµa , and βd
 
and βd  the angles 
between the dipoles and 
 
r
rda.  
 
The B and Q states of ZnP are doubly degenerate with two 
perpendicular transition dipole moments (
 
rµx
 
and 
 
rµy ) located in the 
porphyrin plane (planar transition dipole).  
Therefore, the EEH rate constant between two ZnP units is the sum of 
four contributions:  
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  kEEH = kxx + kyy + kxy + kyx
 
    (S4) 
We consider only the EEH between two adjacent ZnP units of the 
pentad, i.e. in 2-3 or 6-7 position. We place the x and y axes parallel 
and perpendicular to the axis connecting the ZnP to the c-NDI. In the 
optimised geometry of array 1, the angle between
 
 
 
rµx  (d) and  
rµy  (a) is 
always 90 deg, that between 
 
rµx  (d) and  rµx  (a) is 31.75 deg and that 
between 
 
rµy  (d) and  
rµy  (a) is 0 deg.  
These values can be used to calculate Vxx and Vyy. For calculating 
kEEH, the sum of the square values is used:  
  Vdd
2
= Vxx
2 + Vyy
2
 
      (S5) 
The interaction energy discussed in the main text corresponds to:  
  Vdd = Vxx
2 + Vyy
2
 
     (S6) 
In all cases, a refractive index of n=1.5 was used.  
The following parameters have been used for the calculation of the 
various EEH rate constants S8: 
1) LB EEH between two adjacent ZnP units: 
 
rµx =
rµy = 7.8 D , rda=1.17 nm 
|Vxx|=172 cm-1, |Vyy|=184 cm-1, |Vdd|= 252 cm-1.  
kEEH= (0.025 ps)-1 
2) LQ EEH between two adjacent ZnP units: 
 
rµx =
rµy = 2.25 D, rda=1.17 nm 
|Vxx|=14.3 cm-1, |Vyy|=15.3 cm-1, |Vdd|= 21 cm-1.  
kEEH= (36 ps)-1 
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Chapter 4 
 
 
 
N-Alkyl- and N-aryl-dithieno[3,2-b:20,30-d]pyrrole-containing 
organic dyes for efficient dye-sensitized solar cells 
 
 
 
 
 
 
Journal article published in Tetrahedron 2014, 70, 2141-2150 
presented as Chapter 4 
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Chapter 5 
 
Novel organic sensitizer based on directly linked oligothiophenes 
to donor nitrogen atom for efficient dye-sensitized solar cells 
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Fig. S1. PESA measurement of AG3 that was performed on TiO2 film 
(same film that was used to measure the absorption spectrum) to 
estimate its work function corresponding to the HOMO level of AG3. 
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Chapter 6 
 
 
General Discussion, Summary of Research Results, Overview, 
and Future Directions 
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6.1 Artificial Photosynthesis 
In natural photosynthesis, sunlight is absorbed by light-harvesting 
antenna and converted into chemical energy by a sequence of electron 
transfer processes.1 In the last few years, scientists have been 
interested in understanding basic mechanisms of absorption, 
migration of electronic energy, and charge separation in the 
photosynthetic apparatus of plants and bacteria. This inspired 
investigation has made incredible progress in the area of artificial 
photosynthesis (AP).2,3,4,5 Photo-antenna like chlorophylls and 
carotenoids harvest light energy and transfer it towards the reaction 
centre where multiple redox reactions occur.6 Chemists are interested 
in studying the mechanism of these biological processes and 
designing a practical model of an artificial solar energy reaction 
centre.1,7,8,9 Most of the research work in the area of AP is to study the 
essential role  each component plays in natural photosystems and to 
mimic them for further development. The main challenge of AP is to 
design spatially organized assemblies of different components.10 
 
Figure 6.1: Spatial arrangement of the cofactors in the photosynthetic 
reaction centre complex of the purple bacteria 
Rhodobactersphaeroides, as determined by X-ray crystallography by 
Benniston, et al.11 
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In artificial photosystems, three strategies have been used for 
intermolecular spacing. The first is construction of donor-acceptor 
photosystems which are covalently linked through chemical 
bonds.12,13,14,15 The second approach is to incorporate and organize the 
necessary photosynthetic components by direct use of lipid membrane 
scaffolds.16,17,18 The third strategy is to design dyes with a specific 
order of molecules very similar to that observed in natural systems.19 
In natural antennae complexes, different pigments are present in the 
protein environment which makes it very efficient to harvest light 
energy across most of the visible region. In terms of ‘spacial’ 
mimicking the orientation of natural systems, a variety of covalently 
linked and self-assembled arrays of chromophores (like porphyrins, 
especially zinc and free-base porphyrins) have been synthesised and 
investigated.20,21,22 For superior practical photoantenna, porphyrins 
should be assembled with other chromophores like core-substituted 
naphthalene diimides (c-NDIs). NDIs are tremendously useful 
chromophoric building blocks for the construction of efficient 
molecular architectures with numerous applications, such as organic 
photovoltaics, charge transport, and sensing.18,23 Core-unsubstituted 
NDIs have only a small fluorescence quantum yield because they do 
not absorb in the visible region.  
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6.2 DSSC 
In the last two decades, dye-sensitized solar cells (DSSCs)24,25,26,27 
have been a fascinating field of research because of their potential to 
provide a future of clean energy (Figure 2). A promising certified 
conversion efficiency of 11.1% has been reported by Chiba, et al.28 In 
the area of DSSCs, the most important challenge is to design a low 
cost, efficient photosensitizer. Grätzel and co-workers developed 
successful dyes N3 [Ru((4,4'-CO2H)2bipy)2(NCS)2] and the doubly 
deprotonated analogue of N3, dye N719 [(Bu4N)2[Ru((4,4'-
CO2)2bipy)2(NCS)2]].29,30,31 In order to overcome problems with the 
environmental cost of ruthenium, research strategies have moved 
towards the design and development of organic sensitizers. The main 
focus of this research is to decrease the performance gap between 
organic and ruthenium-based sensitizers. Metal-free, organic donor-
acceptor dyes have shown efficiencies greater than 10%. Organic and 
metalloporphyrin-based sensitizers have been used as a substituent for 
these rare element-based sensitizers. Zinc-porphyrin complexes have 
been reported by the Grätzel group with a high conversion efficiency 
of more than 12%.10 These organic photosensitizers have simple 
synthetic strategies and very high absorption coefficients across the 
whole visible region as compared with ruthenium-based dyes. These 
organic sensitizers show major advantages, including tunable 
optoelectronic and electrochemical properties through suitable 
molecular design, higher molar extinction coefficients, and low cost 
simple synthetic methods. In this work, for the “donor-acceptor” (D-
π-A) linked organic dyes, or triarylamines are used as donor 
fragments and cyanoacrylic acid is used as an acceptor part, 
connected in a fashion allowing central π-conjugation. Variation of π-
conjugating fragments is a significant strategy for enhancing the 
power conversion efficiencies (PCEs) of organic photovoltaics;32,33  
another approach is the direct linkage of oligothiophenes to the 
nitrogen atom of a donor amine.34 
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Figure 6.2: Schematic diagram of DSSC.35 
 
In this way there is considerable synthetic interest in designing new π-
conjugated linkers for organic materials. More recently, DSSC 
devices using π-conjugated linkers such as 3,4-
ethylenedioxythiophene,36,37 dithieno[3,2-b:2',3'd]thiophene,34  thieno 
[3,2-b]thiophene,38,39 and 4,4-bis(2-ethylhexyl)-4H-silolo[3,2-
b:4,5b'b'] dithiophene40 have been reported. 
So far, considerable scope exists for the development of novel 
photosensitizers with broad and efficient optical absorption, adequate 
solubility for DSSC fabrication and narrow band-gaps.    
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6.3 Summary 
6.3.1 Reported Work on Artificial Photosynthesis 
In the past few decades, research in AP has been carried out for 
efficient harvesting of sunlight and the storage in the chemical bonds 
of a fuel. One of the main aims of AP is the photocatalytic splitting of 
water into hydrogen and oxygen. Over the years, research in this area 
has focused on mimicking natural photosynthetic components.  
AP was first proposed in 1912 by the Italian chemist Ciamician.36 
However, more significant progress in AP was made at the beginning 
of the 21st century. In 1991, the  first high efficiency DSSC solar cell 
was designed by the Grätzel group.24,25,26,27 In 2012, Bottari, et al. 
studied AP using supramolecular, donor–acceptor (D–A) porphyrin 
and phthalocyanine (Pc)/carbon nanostructure systems and discussed 
their key roles in photovoltaics.41  El-Khouly et al. in 2012 studied 
subphthalocyanines as light-harvesting electron donors and electron 
acceptors for AP systems which were investigated by femtosecond 
laser photolysis.42 In 2011 Banerji et al.43 synthesized and studied in 
detail the ultrafast excited-state dynamics of strongly coupled 
porphyrin/core-substituted-naphthalene diimide dyads. This group has 
successfully investigated these dyads by using femtosecond-resolved 
spectroscopy. In 2013, Villamaina et al. synthesized porphyrin-
naphthalene diimide-porphyrin triads and investigated their excited-
state dynamics by ultrafast fluorescence and transient absorption 
spectroscopy, for charge transfer and charge recombination 
processes.44 
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6.3.2 Reported Work on DSSC 
A dye-sensitized solar cell is a photoelectrochemical system formed 
by a photo-sensitized anode, an electrolyte and a semiconductor.  
The main aim of DSSC research is to design low cost, highly efficient 
solar cells.  
In 2003 Hara et al.45 designed coumarin dyes with thiophene moieties, 
which gave highly efficient organic-dye-sensitized solar cells. The 
best performing dye exhibited PCE of 7.7% with a fill factor of 0.74, 
short-circuit current density (Jsc) of 14.3 mA.cm-2, and an open-
circuit voltage (Voc) of 0.73 V respectively.  
In 2009 Mishra et al. described in detail metal-free organic dyes for 
dye-sensitized solar cells. This group focused on correlating the 
molecular structure and physical properties of the dyes to their DSSC 
performances.32 
Michael Grätzel in 2014 reported dye-sensitized solar cells based on 
porphyrin sensitizers with the most successful dye obtaining a PCE of 
13%, fill factor of 0.78, short-circuit current density (JSC) of 18.1 mA 
cm
-2
 and   high open-circuit voltage (VOC) of 0.91 V.47 This group 
designed a porphyrin dye (SM315) containing a donor–π-bridge–
acceptor with enhanced light-harvesting properties.  
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6.4 Key Findings 
6.4.1 Chapter 2 
We synthesised and investigated of the excited-state dynamics of two 
new multichromophoric arrays consisting of central c-NDI units, 
substituted via aniline bridges at the core by four zinc 
tetraphenylporphyrin (ZnP) 1 or free-base tetraphenylporphyrins 
(FbP) 2. The designed pentads were investigated by a combination of 
stationary and ultrafast spectroscopies. From these spectroscopic 
studies it was evident that the synthesized multichromophoric arrays 
could act as very efficient photoantenna. They absorb light energy 
across the visible region, showing an absorption band at around 700 
nm and the transition to the S1 state is delocalized over the whole 
pentads, with higher energy bands centred on the porphyrins. These 
pentads were studied in both polar and non-polar solvents for their 
electron and energy transfer processes. Excitation of porphyrin 
electrons in non-polar solvents is immediately followed by sub-
picosecond internal conversion to the S1 state. This process is 
enhanced by the charge-separated state rising above the S1 state. 
These large chromophores have a small S1-S0 energy gap and very 
high density of vibrational states which results in the decay of the S1 
state. This is dominated by non-radiative deactivation on the 100 ps 
timescale. 
 
In the case of polar solvents, charge-separated states occurred below 
the S1 state and are populated after a few picoseconds by processes of 
hole transfer and thermal activation from the S1 state and via 
simultaneous sub-picosecond non-equilibrium electron transfer from 
vibrationally hot porphyrin excited states. Spectroscopic features of 
these chromophores indicate charge recombination occurs within a 
few picoseconds due to the small energy gap between the charge-
separated state and ground state. Even though these pentad 
chromophores possess different driving forces, the charge separation 
and charge recombination occur on similar timescales simultaneously, 
indicating both processes involve different electronic coupling. 
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It was concluded that the investigated arrays show rich excited-state 
dynamics which are dependent upon which state is initially populated. 
When these pentads are linked to a secondary electron donor or 
acceptor, as in natural photosystems, they are predicted to be very 
efficient as a combined artificial antenna/reaction centre. 
 
6.4.2 Chapter 3 
 
I assembled an artificial photosynthetic centre using a donor-acceptor 
dyad, which generates a photoinduced proton potential across a lipid 
bilayer. This model is based on an electron donor (zinc-porphyrin) 
and acceptor (naphthalene diimide, NDI) connected through a 
dithiophene spacer to give dyad 1. This was used for the conversion 
of light energy into a proton potential across the lipid bilayer 
membrane by an appropriate charge transfer sequence.  
 
The dyad was incorporated into a lipid bilayer and the excited state 
dynamics studied.  Excitation of the zinc-porphyrin creates a 
reduction potential near the inner surface of the bilayer and an 
oxidation potential near the outer surface by a charge separation 
process.  A pH gradient results from transmembrane electron transfer, 
where the quinone group was converted into a hydroquinone by 
accepting protons from the HPTS dye inside the vesicle. The 
existence of charge separated states and formation of stable radicals 
were supported by use of a control molecule without an appropriate 
spacer together with electrochemical and photophysical 
measurements.  
 
6.4.3 Chapter 4  
 
I synthesised and characterised the photovoltaic and optoelectronic 
properties of a novel organic sensitizer, 3-(5''''-(bis(4-
methoxyphenyl)amino)-3,3''',4''''-trihexyl-[2,2':5',2'':5'',2''':5''',2''''-
quinquethiophene]-5-yl)-2-cyanoacrylic acid (AG 3), which contains 
a p-methoxy substituted diarylamino donor and cyanoacrylic acid as 
an anchoring group. The above assembly is composed of donor and 
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acceptor functionalities which are bridged via oligothiophenes for 
efficient intramolecular charge transfer (ICT) intensity. Compound 
AG3 was synthesized via Knoevenagel condensation. 
AG3 possesses good stability, solubility and can act as an insulating 
barrier for electron-hole recombinations due to the long alkyl chains 
on three of the thiophene units. 
The elongated oligothiophene system directly bonded with the 
nitrogen atom of a donor amine, in the bridged donor-acceptor model, 
is very important for the development of organic sensitizers and it 
also affords considerable spectral red-shifts for greater DSSC 
efficiency. 
AG3 is extremely soluble in common organic solvents and exhibits 
intense spectral features which, when tested under irradiation of 100 
mW cm-2 air mass 1.5 global (AM1.5G) sunlight, shows 4.3%, 5.2%, 
and 5.9% PCEs with ionic liquid, cobalt-mediated, and iodine 
electrolytes respectively. This research helps future researchers to 
design high efficiency sensitizers. 
 
6.4.4 Chapter 5  
 
I synthesis and investigation of two new organic sensitizers, 2-cyano-
3-(6-(4-(diphenylamino) phenyl)-4-(2-ethylhexyl)-4H-dithieno[3,2-
b:2',3'-d]pyrrol-2-yl) acrylic acid and 2-cyano-3-(6-(4-
(diphenylamino)phenyl)-4-(4-(hexyloxy)phenyl)-4H-dithieno[3,2-
b:2',3'-d]pyrrol-2-yl)acrylic acid. These dyes were achieved in good 
yields and have been successfully characterized by analytical 
methods. These arrays consist of triphenylamine as electron donor 
and cyanoacrylic acid as electron acceptor functionalities, connected 
by two different rigidified π-spacers, N-alkyl- and N-aryl-
dithieno[3,2-b:2',3'-d]pyrroles. They have been successfully designed 
and applied in dye-sensitized solar cells. 
 
Knoevenagel condensation reactions were used to synthesize the 
above materials. Use of a rigidified π-spacer resulted in a similar 
charge transfer transition (confirmed by Ultraviolet-visible absorption 
spectra) and greater spectral response when compared to an 
oligothiophene analogue. UV-Vis absorption and cyclic-voltammetry 
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results show that rigidified π-units seem to be more appropriate than 
oligothiophenes in donor–acceptor dyes. These rigidified π-spacer 
units play an important role in effective coupling of the triarylamine 
donor and cyanoacrylic acid acceptor functionalities and results in 
better conjugation. These synthesized dyes when utilised in DSSCs 
show promising performance which is superior to that of the reference 
dye. 
A higher photocurrent density and a ~20% increase in energy 
conversion efficiency for ionic liquid based electrolytes,  and ~25% 
for nitrile based, were due to higher charge injection properties of 
dyes as compared to the reference dye. Results obtained from this 
work provide an excellent platform for further development of DSSC 
sensitizers and improved performance. Our current research provides 
insight for further design and development of sensitizers with superior 
properties tailored towards their use in conjunction with alternative 
non-corrosive electrolytes. 
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6.5 Directions for Future Work  
 
There is a considerable interest in the development of macromolecular 
chemical systems for technological advances in solar energy 
conversion, molecular-based optoelectronics, and other applications. 
Such systems are required to form stable, long-lived, charge-separated 
states. Molecular pairs, consisting of a photoactive electron donor and 
an electron acceptor (push-pull dyads), separated by distances of ~6-
20 Å, are promising candidates for light-induced charge separation.   
Hydrogen generated from solar-driven water-splitting has the 
potential to be a clean, sustainable and abundant energy source. Thus, 
artificial solar water-splitting devices, inspired by natural 
photosynthesis, have received significant attention in recent years. 
There are promising candidates for efficient hydrogen generation, and 
any functioning artificial system will provide valuable insight into the 
fundamental mechanisms and energetics of the water oxidation 
process. But, current systems are too complex, expensive, and 
difficult to mass produce. To enable a sustainable hydrogen economy, 
we need low cost AP devices (‘hydrogen must reach US $2–3 kg–1 to 
compete with petrol for use in passenger vehicles’ - US Dept. of 
Energy), of low toxicity, and with scalable manufacturing processes.  
The proposed system contains simple organic building blocks made of 
cheap transition metals (Zn) and naturally-abundant chemical 
elements such as C, N and S. Hence they are more attractive and more 
practical than previously reported multi-component precious metal 
systems. The research outlined proposes a novel hybrid synthetic-
natural system, of simple dyads, assembled as multi-chromophoric 
arrays in a protective and spatially-organising lipid-bilayer. Thus, it 
also addresses some of the big scientific challenges of the field, in that 
the future proposed system is likely to be more stable in water under 
strong solar illumination than published systems; and will provide the 
precise/rigid orientation of the chromophores, required for a 
continuous water-splitting process. This project will provide a 
promising solution to the scientific challenges of the next generation 
electronics industry in Australia.  
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Figure 6.3: Proposed structures of push-pull donor-acceptor system 
for artificial photosynthesis in lipid bilayer 
 
Although a number of materials have been reported by us and others, 
46
 there still exists considerable room for improvement, and the design 
and development of new materials that can overcome the 
aforementioned challenges – [the avoidance of structural flip-flop and 
the achievement of continuous, rather than one-way/one-off, photo-
induced evolution of molecular H2 and O2 from water]. We propose 
‘push-pull donor-acceptor dyad’ systems capable of acting as 
artificial mimics of the natural photosynthetic apparatus, by 
transporting electrons across a lipid bilayer, and resulting in the 
continuous conversion of light energy to a proton potential as 
illustrated by two examples in Figure 6.3.  
 
The proposed dyad consists of a zinc-porphyrin as a donor and cNDI 
as an acceptor, connected through thiophene pi-spacers. Incorporation 
of the dyad into a lipid bilayer, followed by excitation of the zinc-
porphyrin, will result in charge separation to create a reduction 
M = 2H, Zn 
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potential near the inner surface, and an oxidation potential near the 
outer surface. This will lead to trans-membrane electron transfer, 
where quinone will be converted into hydroquinone inside the vesicle 
by accepting protons from the HPTS dye. This creates a pH gradient, 
which can be detected by photophysical measurements to further 
support the existence of charge separated states and the formation of 
stable radicals (Figure 6.4). 
 
Figure 6.4: Proposed research plan of membrane potential.  
New assays to detect the continuous transition metal-catalyzed 
evolution of molecular hydrogen and, perhaps oxygen, in vesicle 
bilayers will be developed by focusing on detection of the pH changes 
that occur at both sides of the membrane, during light powered water 
splitting. These innovative breakthroughs in water splitting, with light 
and in vesicle bilayers, will be complemented by comprehensive and 
detailed functional and structural studies.   
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An innovative aspect of the proposed research is that porphyrin 
scaffolds can be readily tuned to be either an energy donor or an 
energy acceptor, depending upon the choice of the precursor aldehyde 
moiety during synthesis. They are also able to harvest light across 
most of the visible solar spectrum and thus facilitate electron 
transport. Future study will include the first examples of the photo-
induced continuous evolution of molecular H2 and also O2 from 
water, i.e., the “holy grail” of solar energy conversion in lipid bilayer 
membranes. It will require a multi-disciplinary approach, which spans 
theoretical, synthetic, biological, analytical and supramolecular 
streams. 
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6.6 Conclusions 
Here we concluded from the investigation of two arrays with central 
c-NDI units core substituted via aniline bridges by four zinc 
tetraphenylporphyrin (ZnP) 1 or free-base tetraphenylporphyrins 
(FbP) 2 shows very rich photophysics that depends on which state is 
initially populated. These arrays exhibit different electronic coupling 
for the different charge transfer processes and this property could be 
used for the design of novel donor-acceptor photosystems undergoing 
ultrafast charge separation and long-lived charge separation for future 
development in artificial photosynthesis.  
 
We also developed simple donor-acceptor-based dyes with a zinc-
porphyrin donor and a core-substituted naphthalene diimide acceptor 
with (1) and without (2) a dithiophene spacer for the formation of a 
photoinduced proton potential across a lipid membrane. This can 
contribute significantly to effective mimicking of natural 
photosynthesis. It also provides an important platform for the progress 
of functional materials such as solar cells and organic photovoltaics.  
 
We also concluded that rigidified π-units are more appropriate than 
oligothiophenes in donor–acceptor dyes due to better conjugation. 
This work gives an excellent pathway for the development of new 
sensitizers and its application in combination with alternative non-
corrosive electrolytes for future work.   
 
Here we also designed a novel metal-free organic dye (AG3) which 
bears promising DSSC performance. From this work we concluded 
that DSSC dye parameters and optoelectronic characterization of the 
design provides insight for further progress of novel organic 
sensitizers with high efficiencies.  
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